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Abstract 

The stress corrosion cracking (SCC) susceptibility of a 
Dofasco "experimental astrolled dual=phaselisteeh inca 
0.5 M Na2CO; - 0.5 M NaHCO; solution at varying potentials 
and temperatures was investigated. Constant strain rate 
tests were *used ttc evaluate "SEC ;susceptibility. A pipeline 
steel (X-65) with Similar mechanical properties was also 
tested in the same way and the results were compared. It is 
known that SCC of pipeline steels occurs in a critical range 
of potentials above the primary passivation potential 
(anodic peak). It was found that the dual-phase steel is 
less susceptible to SCC than the pipeline steel (X-65) in 
the "critical" potential range. Briefly-exposed, 
metallographically-polished dual-phase steel samples were 
Shown to be selectively attacked at the martensite phase in 
the "critical" potential range. Since the martensite phase 
is not aligned in any way, there is no susceptible cracking 
path. This is reflected in the constant Strain rate test 
results. Also, hydrogen embrittlement of the dual-phase 
steel is very similar to that of the pipeline steel (X-65) 
under the same conditions. For both steels, a considerable 
amount of deformation is required before hydrogen 


embrittlement occurs. 
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1. Introduction 

Since 1965, stress corrosion cracking (SCC) has been 
blamed for a number of buried pipeline failures. The 
predominant environment responsible for SCC is a solution 
containing sodium carbonate (Na2CO;) and sodium bicarbonate 
(NaHCO;) in varying amounts. This environment is believed to 
be formed when carbon dioxide from the soil reacts with the 
hydroxyl ions that are produced at the pipe by the action of 
cathodic protection currents. 

Laboratory tests have been done on carbon and pipeline 
steels in carbonate-bicarbonate environments and it has been 
shown thatnS€G doesieccur in a critical range of 
potentials.'~* The critical range of potentials lies above 
the primary pasSivation potential (or anodic peak) in the 
region where a large anodic (active) current subsides to a 
small passive current. In this region, briefly-exposed, 
metallographically-polished steel specimens were observed to 
be attacked with structural dependence. The grain boundaries 
were selectively etched (or grooved) and this is believed to 
promote SCC by providing a susceptible microstructural 
cracking path. Therefore, SCC of carbon and pipeline steel 
in carbonate-bicarbonate environments is dependent on a 
critical combination of active and passive behavior. 

In this thesis, the SCC susceptibility of a dual-phase 
steel in a carbonate-bicarbonate environment is investigated 
and compared to a pipeline steel with similar properties 


tested under the same conditions. Dual-phase steels are a 
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new class of high-strength, low-alloy (HSLA) steels 
characterized by a microstructure consisting of a dispersion 
of about 20 percent hard martensite particles ina soft, 
Guctile ferrite matrix. Investigators have shown that 
dual-phase steels have a number of unique properties which 
include continuous yielding, a low 0.2 percent offset yield 
strength (~50 ksi; 344 MPa), a high tensile strength (=100 
ksi; 690 MPa), a high work-hardening rate, and unusually 
high uniform and total elongation. The high work-hardening 
rate, combined with the high uniform elongation of these 
steedspngives themralformabitityvequivalentstosthat of much 


lower strength steels. 
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2. Theory 


2.1 Electrochemistry 

Corrosion of metal is electrochemical in nature. To 
understand electrochemical processes one must be aware of 
the thermodynamic principles involved and also the electrode 


kinetics. 


2.1.1 Thermodynamics 

The thermodynamic principles applicable to corrosion 
phenomena and their limitations will be discussed. 

Free energy change (AG) is related directly to the cell 
potential of an electrochemical reaction by the following 


equation: 


where n is the number of electrons involved in the reaction, 
F is the Faraday constant, and E is the cell potential. 

Under standard conditions the cell potential can be 
calculated from the electromotive force (EMF) series which 
is composed of half-cell reactions. Since the concentrations 
of all reactants are maintained at unit activity, they are 
termed standard half-cells. 

To determine the potential of a system in which the 
reactants are not at unit activity, the familiar Nernst 


equation can be employed. 
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where E is the half-cell potential, E, is the standard 
half-cell potential, R is the gas constant, T is the 
absolute temperature, n is the number of electrons 
transferred, F 1s the Faraday constant, and ao, and ajieg are 
thetactivntresd(coneent rarzons of ioxidipzed eand oreduced 
species. The more oxidized species present, the higher the 
oxidizing power resulting in a higher half-cell potential. 

One general rule can be applied to corrosion using 
thermodynamics: In any electrochemical reaction, the most 
negative or active half-cell tends to be oxidized, and the 
most positive or noble half-cell tends to be reduced. 

The above rule is very useful in predicting corrosion 
behavior. Metals with reversible potentials more active 
(negative) than hydrogen tend to corrode in acid solutions. 
Copper and silver are not corroded in acid solutions but if 
oxygen 1S present in solution copper and silver tend to 
corrode spontaneously. 

Thermodynamics can be used to state a criterion for 
corrosion. Corrosion will not occur unless the spontaneous 
direction of the reaction indicates metal oxidation. 
Thermodynamics might show that a reaction can occur but in 
reality it proceeds at a negligible rate and therefore it is 
practically not occurring. Kinetics of the reaction 


therefore play an important role. 
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A lot of thermodynamic data can be shown graphically to 
Simplify the interpretation of the data. Dr. M. Pourbaix 
developed potential-pH diagrams (Pourbaix diagrams). * 
Calculations using the Nernst equation and solubility data 
for various metal compounds are used to construct these 
plots. See Figure 1 for a Pourbaix diagram of the Fe-H,0 
System. These diagrams give predominance areas of species 
that are thermodynamically stable. The boundaries for the 
dysdoeais set at a specific ion concentration, usually 
10°-* Molar, which is the detection limit of most ions in 
solution. 


The main uses of these diagrams are: 


a. predicting the spontaneous direction of reactions, 

b¢ estimating the composition of corrosion products, 
and 

foes predicting environmental changes which will 


prevent or reduce corroSive attack. 
One must remember that these potential-pH diagrams are 
thermodynamic diagrams. They represent equilibrium 
conditions and are not used to predict the rate of a 


reaction. 


2.1.2 Electrode Kinetics 

The kinetics or rate of corrosion is of utmost 
importance from an engineering standpoint. Corroding systems 
are not at equilibrium, and therefore thermodynamic 


calculations cannot be applied. 
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Some useful terms will be defined. Anode refers to the 
electrode where net oxidation occurs and cathode refers to 
the electrode where net reduction occurs. When corrosion 
occurs, the electrodes will not be at their equilibrium 
potential. This deviation from equilibrium potential is 
called polarization. Polarization can be defined as the 
shift of electrode potential resulting from a net current. 
The magnitude of polarization is called overvoltage, 
abbreviated ny. The overvoltage is either negative or 
positive with respect to the equilibrium potential which is 
defined as zero. 

At the equilibrium potential the rate of oxidation 
equals the rate of reduction (r., = rreqg). There is no net 
reaction. The exchange-reaction rate can be expressed in. 
terms of current density. The relationship between 
exchange-reaction rate and current density is shown by 


Faraday's Law: 


m. Tete) ~sleono/nF -(moles/¢cemets)) 


where io 18 the exchange current density and n and F have 
been previously defined. 

The exchange current density (i,.) varies depending on 
the metal electrode; for example, the exchange current 
density of hydrogen on platinum is approximately 1 mA/cm’, 


and on mercury is approximately 10°-° mA/cm?’. 
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The 19 depends on a number of variables, namely, the 
particular redox reaction, the electrode composition, the 
ratio of oxidized to reduced species, trace impurities, the 
roughness of the electrode, and the temperature. The ig is 
difficult to predict and therefore must be determined 
experimentally. 

Electrochemical polarization is divided into two main 
types - activation and concentration polarization. 
Activation polarization refers to electrochemical reactions 
which are controlled by a slow step in the reaction 
sequence. The relationship between reaction rate and 


overvoltage for activation polarization is: 


n = +B log(i/io) 


where 7 1S overvoltage, B£ iS a constant, and 1 is the rate 
of oxidation or reduction in terms of current density. The 
equation is called the Tafel equation and B is termed 
usually the "Tafel slope” or "Tafel constant". For 
electrochemical reactions the value of B ranges between 0.05 
and 0.15 volt, and in general, 8B is approximately 0.1 volt. 
Figure 2 shows the activation polarization curve of a 
hydrogen electrode. The rate of an electrochemical reaction 
is very sensitive to small changes in the electrode 
potential. 

To illustrate the phenomenon of concentration 


polarization, consider the hydrogen evolution reaction. At 
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very high reduction rates, the region adjacent to the 
cathode electrode surface will become depleted of hydrogen 
ions. If the reduction rate is increased further, a limiting 
rate will be reached which is determined by the diffusion 
rate of hydrogen ions to the electrode surface. This 
limiting rate is the limiting diffusion current density 
fens; ert represents the maximum rate of reduction possible 


for a given system. The i is a function of a number of 


L 


variables as shown by the equation: 


ig =oDnEC go /md 
where D is the diffusion coefficient of the reacting ions, 
Ce. .is thegconcentratrvon<ofwthe reacting sons) an the bulk 
solution, and 6 is the effective diffusion layer thickness. 

The diffusion layer thickness is influenced by the 
Shape of the particular electrode, the geometry of the 
System, and by agitation. The value of 6 must be determined 
experimentally. Limiting diffusion current density is 
usually only significant during reduction processes and 
concentration polarization is usually negligible during 
metal dissolution reactions. The reason for this is, simply, 
that there is an almost unlimited supply of metal atoms for 
dissolution. 

If we consider a hypothetical cathode in which there is 
no activation polarization, then the equation for 


concentration polarization is: 
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where n is the overpotential, and i is the rate of oxidation 
or reduction in terms of current density. Figure 3 shows a 
concentration polarization curve. Concentration polarization 
does not become apparent until the net reduction current 
density approaches the limiting value. Figure 4 shows how 
changing i, affects the concentration polarization curve. 
Figure 5 shows the combined polarization curve of 
activation and concentration polarization. The total 


polarization is the sum of the two contributions as 


During anodic dissolution, concentration polarization 
is not a factor as mentioned already, and the equation for 


the kinetics is given by: 
Ndiss = B Log (i / ine) 
During reduction processes such as hydrogen evolution 
or oxygen reduction, concentration polarization is 


important. The kinetics for a reduction process is given by: 
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The importance of the two equations above cannot be 
overemphasized since they are the basic equations of all 
electrochemical reactions. Using only three basic 
parameters, namely, 8, io, and i, , the kinetics of 
virtually every corrosion reaction can be precisely 
described. 

Wagner and Traud® made the first formal presentation of 
the mixed potential theory in 1938. The theory consists of 
two simple hypotheses: 

t2 Any electrochemical reaction can be divided into 

two or more partial oxidation and reduction 
reactions. 

ae There can be no net accumulation of electric 

charge during an electrochemical reaction. 

From these two hypotheses it follows that during the 
corrosion of an electrically isolated metal sample, the 
total rate of oxidation must equal the total rate of 
reduction. 

The mixed potential theory, together with the kinetic 
equations decribed above, constitute the basis of modern 


electrode kinetics theory. 


2.1.3 Mixed Electrodes 

A mixed electrode is an electrode or metal sample which 
is in contact with two or more oxidation-reduction systems. 
The simplest corrosion system is a metal in contact with a 


Single redox system (e.g. Fe in acid). Actual corrosion 
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Systems are more complicated. Figure 6 shows the behavior of 
Fe in a carbonate solution which is saturated with oxygen. 
The E(corr) is determined by applying the basic principles 
of the mixed potential theory. At steady state, the total 
rate of oxidation must equal the total rate of reduction. 
The rates of the individual processes which are occurring in 
this system are illustrated in Figure 6. At E(corr), the. 


corrosion current density 1s obtained by the following: 
PMCORT /hews yer, ithe Pessina 2tissingy_be etd 


The above equation satisfies the charge-conservation 
principle of the mixed potential theory. 

In oxygen-free carbonate solution, i(corr) = H,; 
evolution. (@b£.°i' (corr)«inePigurés6)seaBsperimentally,*it is 
usually observed that the rate of hydrogen evolution is 
Substantially decreased by the addition of oxygen to 
carbonate solutions. This phenomenon has often been termed 
depolarization and is assumed to be the result of 
interactions between the oxidizing agents and hydrogen gas 
on the surface. Figure 6 shows that this is not the case; 
the reduction in hydrogen-evolution rate is the direct 
result of the shift in corrosion potential and is completely 
independent of the chemical character of the oxidizing 
agent. 

Some systems are governed by concentration polarization 


as shown in Figure 7. The corrosion rate of this system is 
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equal to i(corr) or i, and, as before, is determined by the 
intersection between the total reduction rate and total 


Oxidabnon srate: 


2.1.4 Passivity 

A loss of chemical reactivity under certain 
environmental conditions is observed during the corrosion of 
certain metals and alloys. This loss of chemical reactivity 
1s termed passivity which results in very low corrosion 
rates; however, the passive film may be unstable and subject 
to damage. The passive state may be used to reduce 
corrosion, but caution must be observed. 

Experiments indicate that passivity is the result of a 
surface film that is estimated to be 3 nm or less in 
thickness. The film is extremely delicate and subject to 
changes when removed from a metal surface or when the metal 
is removed from the corrosive environment. 

Figure 8 schematically illustrates the typical behavior 
of an active-passive metal. One of the important 
characteristics of an active-passive metal is the position 
of its anodic current density maximum characterized by the 
primary passivation potential (E(pp)) and the critical 
anodic current density for passivity (i(c)). The protective 
film begins to form just above E(pp). The transpassive 
region is apparently due to the destruction of the passive 
film at very high potentials. The region above E(pp) where 


the current density drops off can be termed the "upper 
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Slope" region, and similarly the region below E(pp) can be 
termed the "lower slope" region. 

An increase in temperature increases i(c) substantially 
and also increases E(pp) and i(p) to a lesser degree. 

When considering mixed electrodes involving an 
active-passive metal, the peculiar S-shaped anodic 
polarization curves of these metals often leads to unusual 
results. Figure 9 illustrates three possible cases which may 
occur when an active-passive metal is exposed to a corrosive 
environment. Figure 9 shows a single reduction process such 
as hydrogen evolution with three possible exchange current 
densities. In case 1 there is one stable intersection point, 
point A, which is in the active region, and a high corrosion 
rate is observed. Case 2 is particularly interesting since 
there are three possible intersection points at which the 
total rate of oxidation and total rate of reduction are 
equal. These points are B, C, and D. Although all three meet 
the basic requirements of the mixed-potential theory, point 
C is electrically unstable and, as a consequence, the system 
cannot exist at this point. However, both points B and D are 
Stable. This system may exist in either the active or 
passive state. The unusual transition of iron in dilute 
Mitric acid, upon seratching the surface; is due to a 
passive-to-active transition (point D to point B). 

In case 3 there is only one stable point, point E, in 
the passive region. This system cannot be made active and 


always exhibits a very low corrosion rate. From an 
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engineering standpoint, case 3 is the most desirable. This 
system will spontaneously passivate and corrode very slowly. 
The position of the current maximum or "nose" of the 
anodic polarization curve 1S important. Spontaneous 
pasSivation only occurs if the cathodic reduction process 
clears the tip of the nose of the anodic dissolution curve 
as shown in case 3. Knowledge of the anodic dissolution 
behavior of a metal or alloy can be used to quantitatively 
determine its ease of passivation and ultimately its 


corrosion resistance. 


2.1.5 Electrochemical Corrosion-Rate Measurements 

Methods for calculating corrosion rates from 
polarization measurements have been devised. These include: 
Tafel extrapolation, linear polarization, three-point, and 
two-point methods. All the methods are based on the mixed 
potential theory. The Tafel extrapolation method and the 
three-point method will be discussed after an introduction 


to polarization measurements. 


2.1.5.1 Polarization measurements 

A schematic diagram for conducting polarization 
measurements is shown in Figure 10. The metal sample is 
termed the working electrode and current is supplied to it 
or drawn from it by means of an auxiliary (counter) 
electrode composed of some inert material such as platinum. 
Current 1S measured by means of an ammeter A, and the 


potential of the working electrode is measured with respect 
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to a reference electrode by a potentiometer-electrometer 
Circuit. In practice, current is increased by reducing the 
value of the variable resistance R; the potential and 
current at various settings are simultaneously measured. It 
1S important to note that Figure 10 is schematic and that 
polarization measurements cannot be conducted in the simple 
fashion shown here. Many precautions are required, and the 
actual experimental arrangement is much more complex than 
indicated. 

Figure 11 shows an applied current cathodic 
polarization curve of a corroding metal. Applied cathodic 
current 1S equal to the difference between the current 
corresponding to the reduction process and that 


corresponding to the oxidation or dissolution process. 


2.1.5.2 Tafel extrapolation method 

In practice, an applied polarization curve becomes 
linear on a semilogarithmic plot at approximately 50 mV more 
active or more noble than the corrosion potential. This 
region of linearity is termed the Tafel region. To determine 
the corrosion rate from such polarization measurements, the 
Tafel region is extrapolated to the corrosion potential. 

To ensure reasonable accuracy, the Tafel region must 
extend over a current range of at least one order of 
magnitude. In many systems this cannot be achieved because 
of interference from concentration polarization and other 
extraneous effects. Also, the method can only be applied to 


systems containing one reduction process, since the Tafel 
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region 1S usually distorted if more than one reduction 


process occurs. 


Zoos INree-poiniemethod 

Wagner and Traud*® developed in 1938 a general rate 
equation describing electrochemical kinetics of corrosion. A 
useful, dimensionless form of the general rate equation, 


useda by ‘Barnartt 7, as 


1T/ACOE Ty) ea OXOc. SAR pews =) ExXDle -SAE/ Bh.) } 


where i(corr) is the corrosion current (at the corrosion 
potential), B, and B, are the Tafel slopes for the anodic 
and cathodic reactions, and AE = E - E(corr). The plus sign 
in front of the braces refers to anodic polarization, the 
negative sign to cathodic polarization. 

The three-point method developed by Barnartt’ in 1970 
makes use of current measurements at three interrelated 
potentials, two anodic and one cathodic (or vice versa), 
such as AE, 2AE, and -2AE. A quadratic method is used. The 
experimental data are combined into a single quadratic 
equation, the two roots of which yield numerical values of 
Beas on m CConte) 

In analyzing the experimental data, two ratios are 


formed: 


r, = 1 (2AB)7/i (=2A8)) 
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These ratios are interrelated through the quadratic 


equation 


us Syrsuctefent=s 6 


the two roots of which are 


exp(2.3AE/B,) and 


exp(2.3AE/8, ) 


the larger and smaller roots respectively. When the Tafel 
Slopes are known, any one of the three (i,E) data points is 
Substituted into the general rate equation to obtain the 
Corrosion “current. 

A new three-point method has been published by Barnartt 
and Donaldson*® in 1983. It permits either cathodic 
polarization measurements only or anodic only. Restriction 
to cathodic measurements only is useful where anodic current 
causes surface etching. The new method is a direct search 
analysis of the general type described by Hooke and Jeeves.’ 
It operates on three equations obtained from the general 
rate equation by inserting numerical values of current 
densities i;, i2, and i3 measured at potential changes AE,, 


AE,, and AE3;, respectively. These nonlinear relations can be 
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solved by a minimization procedure described by Barnartt and 
Donaldson. First they are combined to yield a function equal 


forzerottorbtheheommectcvaliesiofy#ier ptesandci¢corr).« 


Starting with initial estimates of these three "unknowns", 
the minimization routine is applied by computer to change 


the unknowns by increments and gradually bring the function 


as close to zero as desired. 
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2.2 Stress Corrosion Cracking 

A good definition of stress corrosion cracking (SCC) 
formulated by the American Society for Testing of Materials 
(ASTM) is as follows: 

A cracking process requiring the simultaneous action of a 
corrodent and Sustained tensile stress. 

This definition leaves out hydrogen embrittlement because 
corrosion must occur. It also leaves out corrosion fatigue 
Since a sustained tensile stress is required. 

During SCC, the metal or alloy is virtually unattacked 
over most of its surface, while fine cracks progress through 
it. This cracking phenomenon has serious consequences since 
it can occur at stresses within the range of typical design 
stresses. There are usually specific environments in which 
certain metals or alloys crack. The number of different 
environments in which a given alloy will crack is generally 
small. Table 1 shows some environments that may cause SCC of 


ordinary steels. 


2.2.1 Factors Affecting SCC 

The important variables affecting SCC are temperature, 
solution composition, metal composition, stress, and metal 
SEBUCT URES 

Stress corrosion cracks appear as a brittle mechanical 
fracture while, in fact, they are the result of local 
corrosion processes. Both intergranular and transgranular 


SCC are observed. Both modes of cracking often occur in the 
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Same alloy, depending on the environment or the metal 
Structures 

Cracking generally proceeds perpendicular to the 
applied stress. Some cracks branch out like a river delta 
while others are virtually unbranched. The amount of 
branching is dependent on the metal structure and 
composition as well aeeene environment composition. 

The applied tensile stress may be due to any source: 
applied, residual, thermal, or welding. Even corrosion 
products have been shown to be a source of Stress. 

As is the case with most chemical reactions, SCC is 
accelerated by increasing temperature. Most alloys 
Susceptible to cracking will begin cracking at least as low 
asaio08ec 

The susceptibility to SCC is affected by the average 
chemical composition, preferential orientation of grains, 
composition and distribution of precipitates, dislocation 
interactions, and progress of a phase transformation (or the 
degree of metastability). These factors interact with 
environmental composition and stress to affect the time to 


euackmngs 


2.2.2 Mechanism of SCC 

Although SCC is one of the most important corrosion 
problems, the mechanisms are not well understood. The main 
reason is the complex interaction between the metal, the 


interface, and the environment. Also, it is unlikely that a 
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specific mechanism will be found which applies to all 
metal-environment systems. 

Corrosion plays an important part in the initiation of 
cracks. A pit or trench on the surface of the metal acts as 
a stress raiser and it has been observed that cracks do 
initiate at the base of pits. Once the crack has started, 
the tip of the crack Has a small radius and the stress 
concentration is high. 

Crack propagation has been stopped in some cases when 
the corrosion was stopped by application of cathodic 
protection. When corrosion began again the crack continued 
to propagate. 

Plastic deformation at the crack tip can enhance the 
crack propagation. The plastic deformation may cause the 
metal at the crack tip to be more active and thereby 
increase the dissolution of the metal and propagation of the 
Cracker 

Plastic deformation may also cause a phase 
transformation to occur (austenite to martensite in the 
nickel stainless steels). The newly formed phase may be more 
Susceptible than the parent metal to SCC in the specific 
environment. 

The role of tensile stress has been shown to be 
important in rupturing films during both initiation and 
propagation of cracks. The films could be tarnish films 
(brasses), thin oxide films, or other passive films. Breaks 


in the passive film allow more rapid corrosion at various 
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points on the surface and thereby initiate cracks. Breaking 
of the film at the crack tip would be irreparable, and 
propagation would continue. Continuous rapid local 
dissolution is required for rapid propagation. 

For intergranular cracking to occur the grain 
boundaries are attacked preferentially. The grain boundaries 
could be more anodic because of precipitated phases, 
depletion, enrichment, or adsorption, thus providing a 


Susceptible path for the crack. 


2.2.3 Methods Seep ey eatGion 
Stress corrosion cracking may be reduced or prevented 
by application of one or more of the following methods: 
a. Lowering the stress below the threshold value if 
one exists. 
bs Eliminating the critical environmental species. 
es. Changing the alloy if the stress and environment 
cannot be changed. 
a Applying cathodic protection, although care must 
be taken that hydrogen embrittlement does not 
Occurs 


e. Adding inhibitors to the system if feasible. 


2.2.4 Test Methods and Interpretation of Test Data 
In most laboratory corrosion experiments an attempt is 
made to obtain data ina relatively short time, usually by 


increasing the severity of the test. In stress corrosion 
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testing, this has been done by increasing the relative 
aggressiveness of the environment by altering its 
composition, temperature or pressure; by stimulating the 
corrosion reactions galvanostatically or potentiostatically; 
by increaSing the relative susceptibility of the alloy to 
cracking through changes in structure or composition; or by 
introducing a notch or precrack into the specimen. 

There are three fundamentally different types of 
specimens and tests. One employs an essentially smooth 
Specimen under static load, the second uses a precracked 
Specimen (also called a fracture mechanics specimen) also 
under static load, and the third employs a smooth specimen 
under a rising load with a constant strain rate. The latter 


will be discussed in some detail. 


2.2.4.1 Smooth specimen - constant Strain rate test 

The constant strain rate test is basically a slow 
tensile test in an environment.'°® The application of slow 
dynamice strains assists in stressscorrosion crack, int tiation 
and has the advantage that the rede is not terminated after 
some arbitrary time, since the conclusion is always achieved 
by the specimen fracturing. The criterion of cracking 
Susceptibility is then related to the mode of fracture. The 
Slow strain rate test will usually result in failure in not 
more than a few days, either by ductile fracture or by SCC. 
Metallographic and other parameters then may be used in 
assessing the cracking response. The test concludes in a 


positive manner and therefore is attractive. 
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The choice of strain rate is critical since the same 
Strain rate does not produce the same response in all 
systems. If the strain rate is too high, the necessary 
corrosion reactions for SCC do not have time to occur. If 
the strain rate is too low, the cracks that do initiate can 
corrode out and blunt, thereby discontinuing the propagation 
of the crack. For many systems it has been found that a 
tensthe istraimuiateéinegthe region of 10°*° to 10°-* s~' will 
promote SCC, but the absence of cracking in tests conducted 
at such rates cannot be taken aS an indication of immunity 
to cracking for a given system until tests have also been 
conducted at faster and slower strain rates. 

The method of assessing the results where SCC is 
observed can be by a variety of parameters. The effects of 
SCC are reflected in the load-deflection curve that may be 
recorded during a constant strain rate test. A comparison of 
the load-deflection curves for specimens with and without 
SCC will usually reveal significant differences. 

Metallography or fractography is essential to confirm 
the presence or absence of SCC. Unambiguous evidence 
indicating SCC, susceptibility includes loss of ductility, 
crack propagation by brittle mode, and numerous secondary 
cracks along the gagelength perpendicular to the applied 
stress. 

A parameter (elongation, time to failure, ultimate 
load, or energy absorption) is needed to express SCC 


severity quantitatively. See Figure 12 which illustrates SCC 
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parameters on a load-elongation curve. SCC severity is 
expressed as the ratio of a parameter from the SCC test to 
the same parameter from a slow strain rate test in an inert 
environment such as air or oil. A ratio of one indicates no 
Susceptibility and lower ratios indicate increasing SCC 
severity. If a number of alloys are tested in the same 
environment the least susceptible or one that is not 
susceptible would be used. 

Finally, the slow strain rate technique is of a 
conservative nature in that alloys exhibiting SCC in the 
test can be acceptable in service if stresses are 


controbreda< 
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3. Literature Survey 


3.1 SCC of Steels in Carbonate-Bicarbonate Solutions 


3.1.1 SCC of Buried Pipelines 

SCC from an external environment has been recognized 
Since 1965 as a possible cause of failures in buried 
Pipelines.''~'* Such failures have arisen from multiple 
cracks that are branched, intergranular and usually parallel 
to the axis of the pipe. Black deposits of magnetite 
(Fe3;0,), which sometimes contain iron carbonate~(FeCO3), can 
be observed on the surface of the cracks. 

Slightly alkaline water solutions containing primarily 
sodium carbonate. (Na2CO;) and sodium bicarbonate (NaHCO; ). 
have been found in voids between the coating and the pipe in 
the immediate vicinity of stress corrosion cracks. Table 2 
lists the compositions of the solutions near the cracks. It 
is believed that the sodium carbonate and sodium bicarbonate 
were formed when carbon dioxide from the soil reacted with 
the hydroxyl ions that were produced at the pipe by the 
action of the cathodic-protection currents. The reactions 


involved are as follows: 
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It has been shown that the severity of cracking 
increases with the concentration of the solution; the lowest 
concentrations that will produce cracking to a significant 
extent are in the range of 0.1 to 0.25 N.' Cracking has been 
observed over a wide range of solution compositions in which 
the ratio of carbonate to bicarbonate has varied from 0 to 
ateleaste / mtd 

The carbonate-bicarbonate environment that is capable 
of causing SCC can be produced in a wide variety of 
geological conditions. In the U.S. stress corrosion cracks 
have been found in pipelines in heavy clay, light sand, 
rocky soils, and swamps. The pH of the soils has ranged from 
£P7UULODERE. 

There are baSically 6 factors responsible for SCC in 


buried pipelines. They are: 


4% Stress level. 

26 Physical and chemical properties of the metal. 
36 Nature of the environment around the pipe. 

4, Potential of the metal in itS environment. 

Oe Temperature. 


6. Coating system. 

Service failures have mostly occurred at stress levels 
between 60 and 72 % of the pipe's specified minimum yield 
Strength (SMYS). Fluctuating pressure in a pipeline is also 
known to accelerate the rate of crack growth. Control of 


pressure can significantly reduce the susceptibilty to SCC. 
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Virtuallycallesteels used for pipelines:are susceptible 
to SCC in varying degrees. The presence of a mill scale has 
a Significant effect. Shot peening the surface to remove the 
mill scale results in a compressive state which increases 
resistance to SCC. 

Environments other than carbonates and/or bicarbonates 
that have been shown to promote SCC in pipelines include 
chlorides, nitrates, and hydroxides. Inhibitors can be added 
to the coating and primer to control the environment at the 
Pipe surface. 

The potential of the metal in its environment has to be 
measured as close as possible to where SCC occurs. In most 
Situations this would be at the base of a pinhole in the 
coating. MeaSuring of potentials at the pipe surface under 
field conditions is an active area of research. Tests have 
indicated that SCC of pipeline steel in a carbonate- 
bicarbonate environment will occur only within a narrow 
range of cathodic electrode potentials such as -670 mV to 
-770 mV vs. a Cu-CuSO, reference electrode. Interrupted or 
fluctuating protective currents have been shown to somewhat 
minimize the possibility of the cathodic potential being in 
the critical range. 

SCC failures have occurred at temperatures ranging 
between 10 and 57°C, with most being in the 32 to 38°C 
range. Temperature has been shown to have a major effect on 
the rate of crack growth. An increase in temperature can 


cause coating damage, increase the concentration of harmful 
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chemicals in contact with the pipe, and expand the critical 
potential range within which cracking will initiate. 

An improvement in the resistance of a pipeline to SCC 
can be expected if the temperature is lowered. The time to 
failure can be approximately doubled by reducing the 
temperature 10°C. 

SCC usually occurs at a coating defect, that is, where 
the coating is disbonded. The coating somewhat shields the 
cathodic protection currents from properly reaching the 
metal under the disbonded area. This results in a buildup of 
harmful chemical environments and the development of 
potentials in the critical range. Proper coating application 
is essential for reducing the susceptibility to SCC. 

Proper control of any of the above six factors could 
prevent or at least significantly retard SCC of buried 


pipelines. 


3.1.2 SCC of Steel in the Lab 


Siler. Carbon steer 

Polarization curves have been determined by Sutcliffe 
Cteaiw tor carbon sree! inva “l N Na.cO.. — tN: NaHCO. 
solution at temperatures ranging from 22 to 90°C. Also SCC 
tests, including constant strain rate tests, were performed 
at constant potentials selected from the polarization 
curves. The strain rate used was 10°° s~'. Figure 13 shows 
two polarization curves at 90°C, one at a fast scan rate of 


1000 mV/min, and another at a slow scan rate of 20mV/min. 
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Superimposed on these curves is a reduction in area versus 
potential plot. Carbon steel is susceptible to intergranular 
SCC at potentials in a critical range . Figure 13 shows that 
the critical range for SCC lies from approximately -750 mv 
to -600 mV vs. s.c.e. Constant strain rate tests were also 
performed at temperatures of 22, 50, and 70°C and the 
results are shown in Figure 14, Note that the Critical range 
lowers in potential and becomes broader as the temperature 
is increased. Also, as the temperature is increased the 
reduction in area is decreased, resulting in increased SCC 
severity. The critical range for intergranular SCC 
corresponds to where a black, adherent film of Fe3;0, and 
FeCO3; 1S formed.'’ Also, hydrogen embrittlement occurs at 
potentials more negative than -800 mV vs. s.c.e. (See Figure 
PS) 

The nature of the surface attack on polished specimens 
during the early stages of exposure at different potentials 
in the carbonate-bicarbonate solution was observed. At -675 
mV vs. s.c.e., close to the potential for maximum 
susceptibility to intergranular SCC at 90°C, corrosion 
attack after 2 min was observed to be structurally dependent 
resulting in grain boundary grooving. At -750 mV vs. S.c.e. 
and 90°C, a strong contrast between grains with considerable 
pitting was observed after 2 min. At -850 mV vs. s.c.e., the 
rate of attack was reduced and pitting almost absent, as 


compared with the effects observed at -750 mV vs. S.c.e. 
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The rates of current decay in the critical range are 


intermediate between those of more positive potentials (in 


the passive region) and more negative potentials (anodic 


peak region). Current decays in the passive region to a 


steady value in a few seconds, whereas, current decays in 


the anodic peak region above the primary passivation 


potential to a steady value after hours. Considering current 


decay and microstructural attack it is evident that the 


conditions for intergranular cracking involve a rather fine 


balance between the dissolution and passivation 


Characteristics of the steel in the environment; '*-??2 


A procedure for assessing SCC in a particular 


environment was presented as follows.’ 


ve 


Obtain, by stepping or continuous sweeping in the 
negative to positive direction, and at a fast rate 
(e.g., 1000 mV/min), the potentiodynamic 
polarization curve. 

If an anodic peak is exhibited, repeat the 
experiment at a slower rate of sweeping (e.g, 20 
mV/min) or make meaSurements of the current decay. 
in the region of the anodic peak. 

If marked current decay occurs in part of the 
active peak range, or if the slow potentiodynamic 
polarization curve shows much lower currents in 
the peak region, briefly expose metallographically 
polished specimens at various potentials in the 


region of current decay, to determine whether or 
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not the corrosion shows structure dependence. 

4, If structural dependent attack is observed, in the 
form of some trenching in or alongside the grain 
boundary network such that the surface remains 
largely unattacked away from the grain boundaries, 
Carry out an appropriate stress corrosion test at 


the relevant potentials. 


3.1.2.2 Pipeline steel 

SCC of pipeline steel in carbonate-bicarbonate 
environments iS very Similar to SCC of other carbon steel. A 
critical potential range in which SCC occurs has been 
Feportedsin ithe: literature, 7° ° Rigure 15. issa graph of 
potential versus pH showing the pH dependence of the 
intergranular SCC range for pipeline steel in various 


Garbonate-bicarbonate solutions at 75°C% 
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3.2 High-Strength Low-Alloy (HSLA) Steels 

Low-alloy steels have undergone some developments of 
Significant importance that have led to high strength 
products. Their development has provided structural steels 


which have yield strengths of greater than 70 ksi (500 MPa). 


3.2.1 HSLA Pipeline Steels 

One of the most important applications of HSLA steels 
is for pipeline use in transporting oil and gas. To increase 
the capacity of pipelines by using higher operating 
pressures, heavier walled and larger diameter pipes are used 
which has resulted in more demanding property requirements 
of the steel.?* These demands include higher strength and 
toughness especially if the pipeline is in the arctic or 
offshore. The weldability and the resistance to 
environmental attack must not be sacrificed for improved 
mechanical properties. | 

Strengthening mechanisms currently used in HSLA steels 
are solid solution strengthening, dislocation substructure, 
precipitation hardening, and grain refinement. Consideration 
of weldability puts an upper limit on carbon and alloying 
elements because of their influence on the transformation 
products during cooling. Solid solution strengthening 
(except Mn, Ni, and possibly Mo), dislocation substructure, 
and precipitation hardening increase strength at the expense 
of toughness. Only grain refinement improves both strength 


and toughness. 
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The most useful classification of HSLA steels is based 
On microstructure, because the properties of engineering 
materials are, in general, determined by microstructure. 


There are three main types of HSLA pipeline steels, 


namely, 
us conventional ferrite-pearlite steels, 
29 bainite/acicular ferrite steels, and 


ore newly developed multiphase steels (dual-phase 

steels included). 

Controlled rolling is essential for obtaining steels 
with high strength and good toughness since grain refinement 
must occur. Regardless of the types of structure, 
controlled-rolling appears to be vital in producing steels 
with optimum properties. The controlled-rolling process is 
often divided into three stages: deformation in the 
austenite recrystallization temperature region, deformation 
in the austenite non-recrystallization region, and 
deformation in the two-phase austenite-ferrite region. 
Optimum properties of HSLA steels can be obtained only by 
careful control of microstructural changes in each stage of 
controlled rolling. The principal variables are deformation 


temperature and amount of deformation. 


3.2.1.1 Ferrite-pearlite steel 

Ferrite-pearlite steels obtain their strength mainly 
from grain refinement and precipitation hardening. 
Additional strength can be obtained by deformation in the 


two-phase region. The steels contain vanadium and niobium as 
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Single alloying elements or in combination. The major role 
of these elements is to refine the ferrite grain size, but 
they have the additional important function of increasing 
Strength of ferrite-pearlite steel by precipitation 


hardening. 


882. Pe2eBainite/aéreular ferrite,stedl 

Bainite iS a structure composed of ferrite and carbide 
which is formed when steel is rapidly cooled to and held at 
temperatures just above the M, temperature. To obtain upper 
bainite, higher temperatures are used (=550°C) compared to 
lower temperatures (=350°C) which are used to obtain lower 
bainite. Bainite is characterized by its carbide 
distribution. In upper bainite, carbides precipitate between 
the ferrite laths, while in lower bainite, carbides are | 
finely distributed. Acicular ferrite is a highly 
substructured, non-equiaxed ferrite that forms in continuous 
cooling by a mixed diffusion and shear mode of 
transformation that begins at a temperature slightly higher 
than the upper bainite transformation temperature range. 

Bainite/acicular ferrite steels have quite a good 
combination of strength and toughness due to a high 
dislocation density and fine effective grain size. In 
addition to the high strength and good toughness, these 
Steels have the advantage of continuous yielding which is a 
consequence of the high density of mobile dislocations 
present in the ferrite lath. Development of high-strength 


bainite structures enables the carbon content of steel to be 
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lowered to ultra-low levels (0.02 % C), allowing for 


improved weldability and high impact energy. 


3.2.1.3 Multiphase steel 

Multiphase steels consist of a polygonal ferrite matrix 
with dispersions of second-phase particles. The second phase 
can be acicular ferrite, bainite, martensite, or 
combinations of these, depending on alloy compositions and 
processing variables. Multiphase steels are essentially 
Similar metallurgically to dual-phase steels developed for 
Sheet applications’?*, although the former are produced by 
controlled rolling, while the latter are produced mainly by 
intercritical annealing. The strength of multiphase steel is 
generally determined by the volume fraction and type of 
second phase. Transformation of austenite to strong second 
phases introduces a high density of mobile dislocations in 
the surrounding polygonal ferrite matrix, which allows the 
Steel to be deformed at low stresses with continuous 
yielding. In addition, the multiphase steels generally have 
higher initial work hardening rates than pean eee oats 
and bainite/acicular ferrite steels. This causes the 
multiphase steel to have a high yield strength, approaching 
ultimate tensile strength, after pipe forming. 

In multiphase steels, sufficient alloying additions 
and/or the application of accelerated cooling after rolling 
are necessary to introduce a strong second phase in place of 
pearlite in the ferrite matrix. Correlation of mechanical 


properties with microstructure is difficult because of the 
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complexity of Structural features (volume fraction, type, 
and distribution of second phase). However, some general 
conclusions can be made. It has been observed that the 
amount of the second phase should be above 4 % to ensure a 
continuous yielding stress-strain curve, although the type 
of second phase is also important in that martensite gives a 
Stronger effect than bainite. Size and distribution of the 
second phase depends upon the severity of controlled rolling 
in the second stage (austenite non-recrystallization 
region). 

The development of improving the strength in ferrite- 
pearlite steels has probably reached a limit. While several 
bainite/acicular ferrite steels are available with promising 
properties, multiphase steels appear to be most promising. 
for future development since they possess the advantages of 
both ferrite-pearlite steels and bainite/acicular ferrite 
steels. They have high toughness due to their fine polygonal 
ferrite matrix while the strong second phase gives high 
strength. However, they may have some limitations in 
applications, especially for sour gas and oil services, 
because of the well-known susceptibility of martensitic and 
bainitic steels to hydrogen-induced cracking and stress 
corrosion cracking. While there is limited evidence that the 
strong second phases, when embedded in a ferrite matrix, are 
not preferential sites for crack nucleation, the effect of 
second phase on the environmental degradation should be well 


understood before application of multiphase steels to 
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potentially aggressive environments. 
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3.2.2 Dual-Phase Steel 

As mentioned already, dual-phase steels’*‘* are a new 
class of HSLA steels characterized by a microstructure 
consisting of a dispersion of about 20 % hard martensite 
particles in a soft, ductile ferrite matrix. The term 
"dual-phase" refers to the presence of essentially two 
phases, ferrite and martensite, in the microstructure, 
although small amounts of bainite, pearlite, and retained 
austenite may also be present. These steels have a number of 
unique properties which include: 

te continuous yielding behavior (no yield point), 

2 atolowstia2 c¥nofise tuyteldestréength 1(<50 eksi: 

344 MPa), 

Si a high tensile strength (=100 ksi; 690 MPa), 

4, a high work-hardening rate, and 

ois unusually high uniform and total elongation. 

The high work-hardening rate results ina yield 
Strength of 80 ksi (552 MPa) after only 3 to 5 % 
deformation. As a result, in formed parts dual-phase steels 
have a yield strength comparable to that of other 80 ksi 
(552 MPa) HSLA steels. More importantly, the high 
work-hardening rate, combined with the high uniform 
elongation of these steels, gives them a formability 
equivalent to that of much lower strength sheet steels (see 
Figure 16). AS a result these steels are an attractive 


material for weight-saving applications in automobiles.?’> 
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3.2.2.1 Production of dual-phase steel 

Dual-phase steels are produced either by an 
intercritical anneal followed by a quench?* or by controlled 
rolling’’ as mentioned earlier under multiphase steels. 

Dual-phase sheet steels can be produced by 
intercritical heat treatment with either continuous 
annealing or box annealing techniques. 

In the continuous annealing technique, the steel sheet 
is heated for a short time (=2 min) into the intercritical 
temperature range (two-phase region) to form 
ferrite-austenite mixtures, followed by accelerated cooling 
(~10°C/s) to transform the austenite phase into martensite. 
The actual cooling rate is dependent on sheet thickness and 
the quenching conditions on a given annealing line. As a 
result, steel compositions must be adjusted to obtain the 
hardenability needed for the cooling rate (sheet thickness). 
For hot-rolled grades (thickness greater than 0.178 cm) and 
for thinner, cold-rolled grades typical compositions are 
given in Table 3. 

In the box annealing technique, a similar heat 
treatment is performed, but the annealing times are much 
longer (=3 h) and the cooling rates are much slower 
(~20°C/h). Because of the slow cooling rate, much higher 
alloy steels are required to achieve the desired 
hardenability. See Table 3 for a typical composition. 

Dual-phase steels have been produced in the as-rolled 


condition by carefully controlling the continuous cooling 
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transformation characteristics of the steel. This generally 
requires the addition of subsStantial amounts of Si, Cr, and 
Mo in fadditta omrtotaboutiabksOirwt 1% Mmac typical asmorolled 
dual-phase steel composition is given in Table 3. 

A desired type of continuous cooling transformation is 
shown in Figure 17. Additions of molybdenum have been found 
to be particularly beneficial in suppressing the pearlite 
transformation without preventing the formation of polygonal 
ferrite during cooling, over a wide range of cooling rates. 
Silicon and chromium have also been found to be beneficial 
because Si accelerates the polygonal ferrite reaction, and 
because Si and Cr both increase the hardenability of the 
remaining austenite. Most as-rolled dual-phase steels 
therefore contain appreciable amounts of these alloying 
elements. 

Production of the as-rolled dual-phase steels has the 
obvious advantage of saving energy costs by eliminating a 
heat treatment step. However, these steels have a higher 


alloy cost and more variability in properties. 


S32.2.2 Structure-property relatyvonships 

Structure-property relationships in dual-phase steels 
have been extensively studied. In particular, the effect of 
the volume fraction martensite, the carbon content of the 
martensite, the grain size of the ferrite, and the solute 
content of the ferrite on the yield and tensile strength are 
well documented. The ductility of dual-phase steels is less 


understood because it is influenced not only by the above 
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factors but also by carbon content of the ferrite, amount of 
retained austenite, and the amount of epitaxial ferrite. 

As the amount of martensite phase is increased, both 
the yield and tensile strength are increased.?* Similarly, 
if the carbon content in the martensite phase is increased 
the yield and tensile strengths increase. AS expected, the 
strength increases as the ferrite grain size decreases.’? 
Also, additions of strong solid solution strengthening 
elements such as Si and P increase the strength of 
dual-phase steels.*° 

Uniform and total elongation decrease as the percentage 
of martensite is increased and also when the carbon content 
(strength) of the martensite is increased.?* Distribution of 
the martensite phase must also influence ductility, but very 
few studies of this variable have been reported.*' A set of 
widely spaced, small martensite particles is desired. Chains 
of martensite particles that are linked up may be 
detrimental to ductility because this may offer an easy 
€rack propagation path through, the matrix. 

Solid solution strengthening by addition of Si results 
in increased ductility.°° The exact explanation for the Si 
effect is not known but it has been suggested that it arises 
from a lowering of the carbon content of the ferrite 
phase.*? Lowering of the carbon content of the ferrite phase 
by decreasing the cooling rate after continuous annealing 
has been reported to be critical in obtaining the highest 


possible ductility in dual-phase steels. ** 
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The amount of epitaxial ("new") ferrite formed upon 
cooling has an important effect on ductility, the ductility 
improving as the amount of epitaxial ferrite is increased. ?* 
The transformation of retained austenite (if present) during 
plastic straining and the resultant increase in 
work-hardening rate has also been used to explain the higher 


ductility of dual-phase steels.**'°* 


S4c.2.5 USES 

The use of dual-phase steel has been mainly restricted 
to the automotive industry where weight-saving applications 
have been made. The high strength associated with excellent 
formability is coer for forming automotive parts such as 


wheel rims and brackets. 
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3.3 Environmental Attack of Dual-Phase Steel 

Hydrogen embrittlement of two dual-phase steels with 
tensile strengths of about 100 ksi (690 MPa) has been 
reported by Davies.*’ The steels were cathodically charged 
in a 4 % H2S0O, solution containing a small amount of arsenic 
trioxide and pulled in tension at 0.1 in/min (0.254 cm/min) 
until failure. Both standard tensile specimens and 
double-notched specimens were used. 

Hydrogen embrittlement resulted in a reduction in 
fracture strength, although no pre-yield failures were 
observed, and a change in fracture mode from ductile 
dimpling to transgranular cleavage. It was concluded that 
the presence of the 15 to 20 % high-carbon (0.6 % C} 
high-strength martensite in the dual-phase steels was 
responsible for the hydrogen embrittlement. The cleavage 
crack was probably initiated in the high strength martensite 
or at the martensite-ferrite interface, and then was able to 
propagate through the softer ferrite. 

The initiation of a crack in hydrogen charged 
Gual-phase steel appears to require the expenditure of a 
large amount of work. Under no conditions was fracture 
observed unless there had been considerable macroscopic 
deformation. 

SCC susceptibility of a dual-phase steel in 3 1/2 wt % 
NaCl solution of varying pH was investigated by Pierce*® and 
Stiksma.2?* The steel was tested in the as-received, 5 % cold 


worked, and welded conditions. SCC susceptibility was shown 
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to increase with a decrease in pH due to hydrogen 
embrittlement. Failure occurred after a crack propagated 
through the material and cracks did not initiate until after 


considerable deformation occurred (c.f. Davies*’). 


4. Materials and Solutions 


4.1 Dual-Phase Steel 

The dual-phase steel used in this research was provided 
by Dofasco Steel Company. Five sheets of steel 
(OmiBSeinox d25ingted2otns202478cemben30n48Nemex. 30548 Gm) 
were supplied as well as a list of the composition and 
mechanical properties (see Table 4). 

It 18 a low-carbon, low-alloy steel with high strength 
and goodiductility. iSignbficart salloyeadditironseinebudesMn; 
Si, Cr, and Mo. The reasons for Si and Cr additions have 


already been mentioned in Chapter 3. 


4.2 X-65 Steel 

A pipeline steel was tested for comparison with the 
dual-phase steel. The composition and mechanical properties 
of the Grade X-65 steel, which must have a specified minimum 
yield strength of 65 ksi (448 MPa), are given in Table 5. 

The steel is a low-carbon, low-alloy ferrite-pearlite 
steel. A significant amount of niobium (Nb) and some 
vanadium (V) has been added to the steel for grain 
refinement and for precipitation of carbides to improve the 
strength. 

The steel received a rare earth treatment (Ce) for 
Sulphide shape control. Test specimens of the steel were 
obtained from a flattened portion of welded pipe and 


therefore some residual stresses were most likely present. 
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The wall thickness of the pipe was 5/16 in (0.794 cm). 


4.3 Test Solution 

A 0.5 M sodium carbonate - 0.5 M sodium bicarbonate 
solution was used as the corrosive test solution. It is 
composed of 0.5 moles of sodium carbonate (Na-;CO;) and 0.5 
moles of sodium bicarbonate (NaHCO;) both in one litre of 
triple distilled water, i.e., the solution is a 1 N Na;CO;3 - 
0.5 N NaHCO; solution. The chemicals were laboratory grade. 
The triple distilled water was obtained from the Department 
of Zoology on the University of Alberta campus. The mainline 
de-ionized water was passed through four purification 
columns resulting in a very pure water with a resistivity of 
18 Megohm-cm. 

The pH of the test solution was 9.5 which is dependent 


on the amouné ofBHCOsirandeces2?- ions in solution. 


4.4 Inert Oil Medium 

A Fisherbrand Mechanical Pump Fluid was used as the 
inert o11 medium for tests done at temperatures other than 
room temperature. The fluid had a low vapor pressure so that 
at high temperatures it would not vaporize enough to cause 


experimental problems. 
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5. Experimental Procedure 
5.1 Microscopic Examination of the Steels 


5.1.1 Dual-Phase Steel 

To observe the microstructure of the dual-phase steel 
an etching technique developed for dual-phase steel to 
discriminate between martensite and ferrite was used.*° The 
etchant was composed of two solutions in a 1:1 volume ratio. 
One solution was 1% sodium metabisulfite in distilled water 
and the other was 4% picric acid in ethyl alcohol (4% 
prcral). 

The etching procedure was as follows. 

a. The steel was mounted in bakelite, wet ground with 
600 grit SiC paper, and dried with ethyl alcohol 
and a hot air blower. 

be The steel was then rough polished with 6 micron 
Giamond paste and Buehler Metadi Fluid on nylon, 
washed with soap, rinsed with water, and dried. 

Ga The steel was preliminarily etched with the 4% 
picralisolution for 6-8 s, rinsed, and dried. 

a. The steel was polished with 0.3 micron 
alpha-alumina and water on cloth, washed with 
soap, rinsed, and dried. 

e. The steel was final polished with 0.05 micron 
gamma-alumina and water on cloth, washed with 


soap, rinsed, and dried. 
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The 1:1 volume ratio of the solutions was 
prepared. 
The steel was immersed in the etchant for 15-20 s, 


rinsed with ethyl alcohol, and dried. 


Sl. 2exnoousteeL 


To observe the microstructure of the X-65 steel the 


following etching technique involving 2% nital (2% nitric 


acid in ethyl alcohol) was used. 


a. 


The steel was mounted in bakelite, wet ground with 
600 grit SiC paper, and dried with ethyl alcohol 
and a hot air blower. 

The steel was then rough polished with 6 micron 
diamond paste and Buehler Metadi Fluid on nylon, 
washed with soap, rinsed with water, and dried. 
The steel was polished with 0.3 micron 
alpha-alumina and water on cloth, washed with 
soap, rinsed, and dried. 

The steel was final polished with 0.05 micron 
gamma-alumina and water on cloth, washed, rinsed, 
and dried. 

The steel was immersed in 2% nital for 5-10 s, 


rinsed, and dried. 


5.1.3 Examination with the Microscope 


The steel microstructures were observed under a 


metallurgical microscope (Carl Zeiss, Model No. 67210) 
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capable of taking photographs with Polaroid and 35 mm film 
using appropriate attachments. Magnifications of 200x, 400X, 


and 600X were used. Black and white photographs were taken. 
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5.2 Polarization Curves 


5.2.1 Equipment 


The curves were produced with the aid of the following 


instruments. 


a. 


ECO Model 551 Potentiostat-Galvanostat. 

This potentiostat-galvanostat gives a fast 
response of 0.1 us with a medium voltage-current 
product, (33V X 1A). The instrument is capable of 
measuring the rest potential of the cell when no 
potential is applied (i.e., when the cell is out). 
ECO Model 567 Digital Function Generator. 

This instrument has been designed to be used as a 
driver for the potentiostat. It supplies waveforms 
to carry out all the modern electrochemical 
techniques involving linear scanning with or 
without delay. A simple ramp waveform of potential 
with time was used in the research. 

ECO Model 560/LOG Linear/Logarithmic Interface. 
This instrument has been designed to interface the 
ECO potentiostat providing for 23 linear ranges 
from 0.5 wA up to 10 A, and with 4 logarithmic 
ranges of 4 decades each with thresholds fixed at 
Ont. cham? -andel00gAs 

In the research, the polarization curves were 
plotted in the most accurate logarithmic range of 


current. 
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a Hewlett-Packard Model 7044A X-Y Recorder. 
This recorder was used to plot log current on the 
x-axis and potential on the y-axis. Blue and red 
pens were used to distinguish between the forward 
and reverse potential scans. 


See Figure 18 for a picture of the equipment used. 


5.2.2 Cell Arrangement 
The corrosion cell was composed of a working electrode 
(dual-phase or X-65 steel), a counter electrode (platinum), 
and a reference electrode (saturated calomel). These 
electrodes were assembled ina flask which was specifically 
designed for electrochemical studies. The flask with 
attachments such as a gas inlet tube and capillary Luggin. 
probe were made by Lab Glass, Inc., Vineland, N.J., U.S.A. 
A thermometer was also introduced into the flask. See 
Figure 19 which shows the complete cell arrangement. 
A description of each electrode follows. 
a. Working Electrode 
The working electrode was made by mounting two 
pieces of steel in bakelite in an arrangement that 
made it easy to make an electrical connection with 
the steel without exposing the connection to the 
environment. See Figures 20 and 21 which show the 
working electrode assembly. 
be Counter Electrode 


The counter electrode was a piece of platinum wire 
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which was coiled and connected via mercury to a 
copper wire inside a glass tube assembly (see 
Figure 22). 

CR Reference Electrode 
A Fisher Scientific saturated calomel electrode 


(s.c.e.) was used. (Cat. No. 13-639-52) 


Electrode: Hg / Hg2Cl2z / KCl (saturated) 


Potential: 0.242 V vs. Hydrogen electrode at 25°C 


Temperature dependence: dE/dT = -7.6 X 10°74 V/°C 


The reference electrode was connected to the 
corrosion cell via a salt bridge of the capillary 
Luggin-probe type. The solution in the salt bridge 
wasttheiGame as the test solution (0.5 M Na-CO, 
and 0.5 M NaHCO;). See Figure 23 which shows the 


Salt bridge assembly. 


5.2.3 Temperature Control 

A heating mantle was used to heat the solution in the 
flask for tests at temperatures higher than room 
temperature. The amount of heat supplied by the mantle was 
controlled by a Variac which controls the amount of current 
passing through the mantle. The temperature was monitored by 


a thermometer to within 0.5°C of the desired temperature 
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(see Figure 24). Polarization curves were obtained for the 


following temperatures: Room temperature, 50, 70, and 90°C. 


5.2.4 Sample Preparation 

The steel mounted in bakelite was wet ground with 600 
grit SiC paper and dried with ethyl alcohol and a hot air 
blower. The preparation of the surface took place within 5 
min of the start of the test so that there was minimal 


oxidation of the;steel. 


5.2.5 Scanning Procedure 

The scanning procedure for producing a polarization 

curve was as follows. 

a. The salt bridge was assembled and connected to the 
flask. After the solution was added, the reference 
electrode was placed into the top opening of the 
salt bridge. 

b: The counter electrode was assembled and connected 
to the flask. The thermometer, the gas inlet tube, 
and the gas outlet tube were placed in the flask. 

ae The test solution was poured into the flask and 
the leads from the potentiostat were fastened to 
the electrodes. 

Che Nitrogen gas was bubbled through the solution at a 
rate of approximately 0.5 cm*/s for 1h. 

e For runs above room temperature, the heating 


mantle was brought into contact with the flask and 
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the solution was heated to the desired 
temperatures 

After 1 h of removing oxygen from the solution, 
the working electrode (which had just been ground) 
was added to the cell, and the steel surface 
submerged in the test solution. 

The steel was immediately set to a potential of 
-1100 mV vs. s.c.e. (well in the cathodic range) 
and kept there for 5 min to clean the surface. The 
flowrate of bubbled nitrogen was reduced to 
approximately 0.1 cm/s. 

At petentaalescanfitoml —pidemVivst si cze °C toagust 
above the rest potential, E(corr), was performed 
atgenceonSbamtigate of 3383 uV/s (20 mV/min). This 
potential vs. log current portion of the 
polarization curve was recorded on an expanded 
potential scale and was used for Tafel 
extrapolation. 

Immediately, the potential was reset to -1100 mV 
VS.5S2C.e0, the potential scale on the recorder 
reduced, and the potential increased at a constant 
rate of 333 uV/s (20 mV/min) through the active 
and passive regions to the transpasSive region. 
The potential was held in the transpassive region 
for approximately 10 s to exchange the blue pen 
for the red pen. 


The potential scan was reversed. The potential 
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decreased from the transpassive region to -1100 mv 
VS* SvGeen ae arconstant rater(iimvV/s, SimV/s, or 
20mV/min). 
ms Once the reverse scan was completed, the working 
electrode assembly was removed from the cell, the 
bakelite mount detached, and the surface area of 
the steel measured. The potential - log current 
curves were then converted to potential - log 
current density curves. 
In one test run of dual-phase steel at 22°C, a rate of 
33 uV/s (=2 mV/min) was used for a forward potential scan. 
In another test run of dual-phase steel at 22°C, air 
was bubbled through the solution at a rate of 0.1 cm?/s 


ensuring oxygen saturation. 
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5.3 Constant Potential Tests 


5.3.1 Equipment 

The potentiostat-galvanostat, described earlier, was 
used to hold the corrosion cell at a constant potential. At 
a constant potential the current could be read directly from 
the potentiostat-galvanostat since it has an ammeter 
attached. No continuous recording of the current was 


required. 


5.3.2 Cell Arrangement 
The cell arrangement which was used for producing 
polarization curves was also used for the constant potential 


tests. 


5.3.3 Temperature Control 

For tests at temperatures higher than room temperature, 
a heating mantle in contact with the flask was used to 
maintain the temperature within 0.5°C of the test 
temperature. Refer to the temperature control in the 


polarization curve section. 


5.3.4 Sample Preparation 

The polishing technique was the same as for microscopic 
examination of the X-65 steel except that the sample was 
unetched. TretookrplaceawithantSrminooftthesstartioftthe 


test so that there waS minimal oxidation of the surface. 
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5.3.5 Test Procedure 


The test procedure was as follows. 


a. 


The corrosion cell was assembled (excluding the 
working electrode) in the same manner as was done 
for the polarization curve tests. The test 
solution was poured into the flask and the leads 
from the potentiostat were fastened to the 
electrodes. Nitrogen gas was bubbled through the 
solution at a rate of approximately 0.5 cm/s for 
1 h. For tests above room temperature, the heating 
mantle was brought into contact with the flask and 
the solution was heated to the desired 
temperature. 

After 1 h of nitrogen purging, the working 
electrode, which had just been polished, was added 
to the cell, and the steel surface submerged in 
the test solution. The steel was immediately set 
POPa potent al Ole U0emv ive. S. cc. and Kept 
there for 5 min to clean the surface. The flow 
rate of nitrogen was reduced to 0.1 cm?/s. 

After a few seconds the potential was brought to 
the test potential and held at that potential for 
a specified time depending on the temperature. 
Room temperature: 20 min. 

SOrCrtand 70. Ge sami. 

The current waS monitored on the potentiostat 


during the test. 
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ae Once the test was completed, the working electrode 
was removed from the cell, rinsed with ethyl 
alcohol and air dried. The steel surface was 


examined for corrosion attack with the microscope. 


5.3.5.1 Extended rest potential tests 

Aerated and de-aerated tests were also performed. The 
working electrode (dual-phase steel) was polished with 6 
micron diamond paste and Buehler Metadi Fluid on nylon, 
washed with soap, rinsed with water, and dried with ethyl 
alcohol and a hot air blower. 

The working electrode was submerged in the test 
solution invthe corrosion scell with no applied potential. 
The rest potential was monitored by the potentiostat; 18 h 
for the de-aerated test and 19 h for the aerated test. | 
Nitrogen or air, depending on the test, was continuously 
bubbled through the solution at approximately 0.1 cm/s. 
After the test, the corrosion attack was observed under the 


microscope. 


5.3.6 Examination with the Microscope 

The Carl Zeiss metallurgical microscope, previously 
described, was used to observe the corrosion attack of the 
steels. Magnifications of 200X, 400X, and 600X were used. 


Polaroid black and white pictures were taken. 
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5.4 Constant Strain Rate Tests 


5.4.1 Specimen Preparation 

Since the constant strain rate test used for 
determining SCC susceptibility is a slow tensile test ina 
Specific environment, a tensile specimen was used. The 
tensile specimen is the working electrode in the corrosion 
cel 

The tensile specimen was machined from a plate of steel 
with the longitudinal direction of the specimen in the 
direction of rolling. See Figures 25 and 26 for the 
dimensions of the specimen. The gage length was 0.75 in 
C1290 scm), Sthe gage widthewas 0.5) in (1.27 cm), and the 
thickness was-0.1i2vin’ (0.284 cm). 

The tensile specimen was wet ground with 600 grit SiC 
paper in the reduced section (see Figure 26) prior to the 


Biv. 


5.4.2 Equipment 

The potential on the steel during the constant strain 
rate test was kept constant by the use of a potentiostat 
(ECO Model 549 Potentiostat-Galvanostat). This potentiostat 
differs from Model 551, which was previously described in 
the Polarization Curve section, in that it cannot measure 
the rest potential of the cell when the cell has no applied 
potential. Also, this potentiostat is not as precise as 


Model 551. 
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The tensile testing machine used was the Material Test 


System (see Figure 27). 


5.4.2.1 Material Test System 

The MTS 810 was used. The system 1S comprised of a 
45.5 L/min, 3000 psi (20.7 MPa) hydraulic supply, a 25 tonne 
load frame and load cell, and two 100 kN hydraulic grips. 

The system was used since it could handle the slow 
Strain rates required for the constant strain rate test. 
Also, since the crosshead of the load frame is moved 
hydraulically, the movement is smooth. This is essential for 
very slow strain rates. 

The strain rate was set by moving the crosshead a 
specified distance in a certain amount of time. Since the 
Strain rate used was 2 X 10°* s~' and the gage length of the 
tensile specimen was 0.75 in (1.91 cm), the crosshead was 
Seterounovew@0. 57 >om1n 1.363 CMs ine See Ors ewhioh. 1S 
referred to as stroke control. No strain gages are required 
on the tensile specimen which would be awkward ina 
corrosive environment. The MTS 442 Controller and MTS 410 
Digital Function Generator were used to set up the stroke 
controls 

A simple ramp function was set on the function 
generator. The MTS 430 Digital Indicator was used for 
instantaneous measurements of the crosshead movement and 
load. A Heath Built Servo-Recorder (Model EUW - 20A) was 
used to record the load on the specimen as a function of 


time. It was used instead of the MTS Recorder since the slow 
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Strain rate tests took over 2 days and an expanded graph was 


required. The recorder was set at 1 in/h (2.54 cm/h). 


5.4.3 Cell Arrangement 

The cell was composed of the tensile specimen (working 
electrode), two 2-in (5.08 cm) lengths of platinum wire 
(counter electrodes), and a salt bridge which was used in 
conjunction with the saturated calomel electrode (reference 
electrode). A plastic container was used to hold the 
electrodes in the test solution. See Figure 28,29 and 30 for 
a picture and detailed illustrations of the cell. Two nylon 
Sleeves attached to the tensile specimen were required to 
allow the specimen to slide freely through the plastic 
container during straining of the specimen. Central 
Scientific Company Sealstix Cement was used to ensure no 
leakage through the bottom nylon sleeve along the tensile 
specimen (see Figure 31). The cement was allowed to set for 


1 h before assembling the cell. 


5.4.3.1 Recirculation system 

Two litres of test solution were prepared for each 
test. The solution was pumped by a peristaltic pump from an 
external reservoir (flask) to the corrosion cell (plastic 
container) via tubing. A special silicone rubber tubing was 
required for the peristaltic pump Since ordinary Tygon 
tubing was not able to withstand the cyclic pinching during 
pumping. The flow rate of the solution through the system 


waS approximately 6 mL/s. The external reservoir was used 
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for control of the temperature for tests at temperatures 
greater than room temperature. Also, nitrogen was bubbled 
through the reservoir to remove the oxygen from the 
solution. See Figure 32 which shows the recirculation 


Sy Suen. 


5.4.4 Temperature Control 

The cell temperature wasS monitored by a Chromel-Alumel 
thermocouple connected to a Fluke digital thermometer. The 
solution was heated in the external reservoir (flask) with a 
heating mantle or a hotplate. The temperature of the 
reservoir solution was monitored by means of a thermometer. 
The heat input was regulated by the amount of current 
passing through the heating mantle or hotplate (see Figure 
32). The temperature was regulated to within 1°C of the 
desired temperature. The test temperatures were 22, 50, 70, 


ard 2907C. 


5.4.5 Test Procedure 
The test procedure for constant strain rate testing was 
as follows. 
as The tensile specimen was degreased with ethyl 
alcohol. The reduced section of the tensile 
specimen was wet ground with 600 grit SiC paper, 
and dried with ethyl alcohol and a paper towel. 
Da The nylon sleeves were attached to the specimen by 


Sealstix Cement. The cement was allowed to cool 
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and set for 1 h. Teflon tape was also used so that 
only the gage of the tensile specimen was exposed. 
In the meantime the test solution was added to the 
external reservoir (flask) and nitrogen gas 
bubbled through the solution at a rate of 0.5 

em’? /s* 

When the cemented specimen was ready, it was 
inserted through the plastic container and the 
corrosion cell was prepared with all the 
attachments. 

The cell was mounted in the hydraulic grips of the 
MTS tensile testing machine. The test solution was 
then added to the salt bridge and the saturated 
calomel electrode inserted. 

The electrodes were then connected to the 
potentiostat (ECO Model 549). 

If required, the external reservoir was heated to 
the test temperature, the circulation was started, 
and the steel specimen was set to a potential of 
-1100 mV vs. s.c.e. (well in the cathodic range). 
Once the temperature was regulated to the desired 
temperature the potential of the steel was set to 
the test. potential for S min. 

After 5 min, the constant strain rate test was 
Started by moving the crosshead at a specified 
constant rate. The strain rate was set at 
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recorder began to plot the load on the specimen as 
a function of time. 

4% The specimen was removed when broken and 
measurements were taken from the specimen. Also, 


measurements from the graph were obtained. 


554.5.) O12 tests 

For the constant strain rate tests performed in the oil 
medium the procedure was slightly different. The cell did 
not have to be assembled with all the attachments, since no 
electrochemical reactions take place in oil. The circulation 
was performed in the same manner as before, except that oil 
was Circulated instead of the carbonate/bicarbonate 


solution. 


5.4.6 Examination with the Microscope 

For some of the specimens, the ISI-60 Scanning Electron 
Microscope (SEM) was used to obtain fractographs of the 
fracture surface to observe the mode of cracking. An 
inhibited hydrochloric acid pickling technique was used to 
remove corrosion debris (oxides) without affecting the 
fracture surface.*' The technique allows meaningful 


evaluations to be made at relatively high magnifications. 
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6. Results and Discussion 


6.1 Microscopic Examination 


6.1.1 Dual-Phase Steel 

With the special etchant previously described, the 
microstructure of dual-phase steels can be examined. The 
microstructure of the Dofasco dual-phase steel is shown in 
Figure 33. The light areas are martensite and the remainder 
of the structure is ferrite. The ferrite grain boundaries 
are beginning to be etched but at longer etching times, 
which would clearly show the ferrite grains, the light areas 
begin to disappear. 

The amount of martensite is about 15 % and is irregular 
in shape and non-uniform in size. The islands of martensite 
do not appear to be aligned in any particular direction but 
rather are randomly distributed. The strength of dual-phase 
steels is mainly derived from these islands of martensite, 
whereas the ductility is mainly provided by the ferrite 


matrix. 


67472 4565 Steel 

2% nital was used to etch the pipeline steel. The 
microstructure is shown in Figure 34. The dark areas are 
pearlite and the matrix is ferrite. There is about 15 % 
pearlite and the rest is ferrite. The pearlite and ferrite 


grains are elongated in the direction of rolling. No carbide 
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precipitation is evident from the micrograph since an 


electron microscope is needed to see it. 
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6.2 Polarization Curves 

Polarization measurements were made potentiodynamically 
to produce polarization curves of dual-phase steel and 
Pipeline steel (X-65) in a 0.5 M Na2CO; - 0.5 M NaHCO; 
solution at temperatures ranging from room temperature to 


90eCe 


6.2.1 Dual-Phase Steel 

Figure 35 illustrates the polarization of dual-phase 
steel in the test solution at room temperature (22°C). The 
dual-phase steel behaves in a typical active-passive manner 
where a large anodic current subsides to a small passive 
current as potential is increased. The basic parameters 
which describe this can be readily obtained from the 
polarization curve. Thee corrosion’ potential, Efcorr), is 
=-0.855V vs. s.c.e., the primary passivation potential, 
E~pp) , pusor0?670Vtvs2"°S.cretsrthecenptacalocurrentsdensity, 
i(c),; is 0.31 mA/cem?, and the passive current density, i(p), 
is, 08.0044 mA/ecih?? 

At high potentials, approximately OR8V VSrwSre .eaanthe 
current begins to increase due to oxygen evolution arising 


from water breakdown according to the following reaction. 


2H20 2¥Osnt 4H* + 4e- 
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A cathodic loop occurs at potentials near -0.45V vs. 
Scene. Tt is termed arecathodic loop since it is a region of 
net cathodic current surrounded by regions of net anodic 
current. Both anodic and cathodic processes are occurring at 
the same time but Since the cathodic current is greater than 
the anodic current a net cathodic current appears as a 
cathodic loop. This is due to a small amount of dissolved 
oxygen which is being reduced and thereby producing a 
cathodici current’ 

The cathodic process at low potentials is water 


decomposition. 


2He Ope LZeisetHen to20He 


For a pH of 9.5 at 22°C, water decomposition begins at a 
potential of -0.557V vs. the standard hydrogen electrode 
(Smhiies )reort>0s799Vhwseasec. ek 

A reverse scan at the same rate as the forward scan 
shows that the passive film is very stable. The oxygen 
evolution line is retraced and the net current drops off to 
very low values. At a potential between 0.2 and 0.0V vs. 
S.c.e., the net current becomes cathodic and increases 
cathodically until a potential of approximately -0.55V vs. 
s.c.e. The current then decreases cathodically and becomes 


anodic’ at | aopotential of»-0.58V vs. S.c.e.)An anodic peak iis 
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formed which corresponds to the anodic peak of the forward 
scan. 

Another polarization curve was produced at room 
temperature at a slower scanning rate of 33 uV/s (=2mV/min). 
E(corr) and E(pp) remained the same as well as the critical 
current density (i(c)). The difference between the two 
Guuves Ars ethicepdssive region. At a slower scan the system is 
allowed to proceed toward equilibrium to a greater extent at 
a Specific potential. This is reflected in the lower passive 
current density (i(p)) of 0.001 mA/cm? compared to 0.0044 
mA/cm? for the faster scan. Also the cathodic loop has a 
much higher cathodic current density of 0.01 mA/cm? compared 
to 0 200:bImA7 cm ¢ 

The polarization curves of dual-phase steel in the test 
solution at temperatures of 50, 70, and 90°C are shown in 
Figures 36, 37, and 38, respectively. The dual-phase steel 
continues to display the active-passive behavior with 
increaSing temperature. Although the shape of the curve 
remains relatively the same, the position of the curve is 
shifted slightly downward in potential and shifted 
srgnificantly to higher «currents:<E(corr); E(pp), and the 
potential where oxygen evolution occurs are all lowered with 
increasing temperature. Alternatively, i(c) and i(p) are 
increased with increasing temperature. Table 6 lists the 
values for these parameters as a function of temperature. 

Comparison of the polarization curves reveals that the 


cathodic loop is most pronounced at 50°C and is not evident 


ried 4 sro vet vail ste 


78C ti pk to 9 na ins TaiyS siboonn sae 


ie S32 650) ji <5 See aha ye ee Be 
Pear 


Sop pig <0 .G@ Ye sated a sae Rit 


yi = 
I ,sot OF 
_ = x «of 
é fee 4 _ ifs. 
( iS CPU A 
naz’ at? 
160 4 
. a es 
‘ - 32nOiG 
“ -_ 
= ? 
’ a ef re? 
=a ~ 
“ i 
onié 
rr ean 
af ; ( | 
<2 ‘ | wein 


FA 


at 90°C. This could be due to the combined effect of a 
decreasing amount of oxygen in solution with temperature and 
an increaSing iron dissolution with temperature. This will 
be investigated further in another section concerned with 


the effect of aeration. 


6.2.2 X-65 Steel 

The polarization curves of X-65 steel in the test 
solution at temperatures of 22, 50, and 90°C are shown in 
Figures 39, 40, and 41, respectively. The behavior of this 
Pipeline steel is very similar to that of dual-phase steel; 
however, there are a few differences. 

Table 7 lists the values of a number of parameters for 
the different test temperatures. The curves are shifted down 
in potential and increased in current as temperature is 
increased. 

There are no cathodic loops present at any of the 
temperatures. At«50!and 90°C *there is a second anodic 
(oxidation) peak at approximately -0.5V vs. s.c.e.. It has 
been reported in the literature that secondary oxidation 
peaks occur when iron is passivated in carbonate 
solutions.'!’ The first oxidation peak corresponds to the 
formation of an oxide film, which is probably magnetite 
(Fe,0)))20At “the tsameetimevacf£ilm»containing ferrous 
carbonate (FeCO;) forms on the iron surface. The second 
oxidation peak corresponds to the ferrous carbonate in the 


surface film being oxidized to a hydrated ferric oxide 
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(Fe(0OH)3). 

Also, the passive current significantly decreases as 
the potential is increased. This could indicate that the 
film becomes more stable with increasing potential or time 


Since the test is potentiodynamic. 


6.2.3 Effect of Aeration 

Figure 42 shows the polarization curves of dual-phase 
Steel in aerated and de-aerated test solutions at 22°C. 
Table 8 lists the values of some parameters obtained from 
the curves to show the effect of aeration. E(corr) is 
increased, E(pp) is decreased, and both i(c) and i(p) are 
decreased when the solution is saturated with oxygen. 

Figure 42 shows that the polarization in the aerated . 
solution results in an increased cathodic loop at about 
-0.45V vs. S.c.e.. To explain this effect some reactions 
which could occur on steel in carbonate/bicarbonate 
Solutions will be investigated of which some of the data has 
been obtained from Thomas et al.'’ Table 9 lists some of 
these possible reactions. Thermodynamic calculations have 
been made for these reactions and the equilibrium potentials 
(or reversible potentials) for the test conditions have been 
listed. 

Using the thermodynamic as well as the kinetic data, 
Figure 43 has been devised to illustrate how the amount of 
oxygen present in the solution affects the corrosion 


behavior of the steel. An increase in oxygen increases the 
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equilibrium potential of the oxygen reduction process and 
also increases the limiting current of oxygen reduction. 
This results in an increase in cathodic loop current and 
increases the corrosion potential, E(corr). Also, it will 


decrease the apparent primary paSsivation potential, E(pp). 


6.2.4 Corrosion Rate Calculations 

Since more than one reduction process iS occurring at 
potentials more negative than E(corr), the Tafel 
extrapolation method for determining the corrosion rate is 
invalid. No straight line (Tafel region) can be found on the 
blown-up cathodic polarization curves, and therefore no 
extrapolation to E(corr) can be made. 

The only method available under these circumstances is 
the three-point or general method. For a specific AE 
(E°= E¢corr)), three current densities (i(AB), i(2AE), and 
i(=2AE)) ,careousedeto calculate the corrosion current 
density, i(corr). See Appendix A for the calculations 
involved in using the three-point method. 

ThreeeAbowvaiues! off-0.02V, =O2038V, and —0504V, were 
used in determining the Tafel slopes and corrosion current 
densities of the dual-phase steel and X-65 steel in the test 
solutions at different temperatures. The results are 


tabulated in Tables 10 and 11. 
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6.2.5 Effect of Temperature 
The Arrhenius equation gives the rate of a reaction as 


a function of temperature. 


Rate of Reaction = Constant x [exp(-Q/RT) ] 


where Q 1S the activation energy, R is the gas constant, and 


T is the absolute temperature. The equation can be rewritten 


In(Rate of Reaction) = Constant' - (Q/R)(1/T) 


For corrosion processes, the rate of reaction is 
dtreatlyapecodnrionalbdatalthescurventidensrtyped(c)ia rGphpror 
i(corr). If log(current density) is plotted against 1/T a 
Straight line of slope -Q/2.303R will be obtained. If the 
rate controlling process changes at a certain temperature, 
then two regions (each with its own straight line) will 
become apparent. Table 12 lists the different current 
densities as a function of temperature. These data points 
were plotted on semilogarithmic graphs, and, uSing linear 
regression, apparent activation energies were obtained. 

Well-correlated straight lines are produced when i(c) 
and i(p) are plotted (see Figures 44 and 45). The passive 
current density, i(p), was not used for the X-65 steel since 
no constant i(p) could be obtained from the polarization 
curves at 50 and 90°C. Since the apparent activation 


energies are low, less than 20 kcal/mole, the process is 
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diffusion-controlled. The rate controlling step is probably 
diffusion of the reactant, Fe, through the oxide film. At 
i(c) the diffusion may be through a film of Fe3;0, and FeCO, 
and at i(p) the diffusion would be through the stable, 
passive film. Since the passive film is more protective 
(stable) than the anodic peak film, the diffusion of Fe 
through it iS not as great. 

The corrosion current density as obtained by the 
3-point method did not produce a straight line (throughout 
the temperature range) for either the dual-phase steel or 
the pipeline steel (see Figures 46 and 47). There appears to 
be a change in the rate-controlling step as the temperature 
is increased for the dual-phase steel. The reaction is more 
diffusion-controlled at lower temperatures as indicated by 
the lower slope (see Figure 46). At lower temperatures the 
apparent activation energy is approximately 1.84 kcal/mole 
and at higher temperatures it 1S Significantly increased to 
approximately 17.7 kcal/mole. This could be due to oxygen 
reduction having a greater effect at the lower temperatures. 
The amount of oxygen in solution at higher temperatures is 
less and therefore the limiting current density, i,, of 
oxygen is less, resulting in a non-linear Arrhenius plot. 

The plot of log (i(corr)) against the inverse of 
absolute temperature for the X-65 steel does not show much 
Since a test at 70°C was not done. The effect of AE on 
i(corr) is shown to be very significant as compared to the 


dual-phase steel. 
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6.3 Constant Potential Tests 


6.3.1 Dual-Phase Steel 

The potentials used in the constant potential tests 
were obtained from the polarization curves. Potentials in 
the vicinity of the anodic peak, both below and above, were 
used to investigate the corrosion attack of the dual-phase 
Steel at temperatures of 22, 50, and 70°C during the early 
stages of exposure. Temperature increased the rate of 
corrosion but it did not affect the way the structure was 
attacked. Pictures were taken of the corrosion attack at the 
three temperatures but only those at 50°C will be shown to 
illustrate the attack and its dependence on potential. 

Figure 48 shows the corrosion attack after one hour at 
the corrosion potential (-0.870V vs. s.c.e.). There appears 
to be selective corrosion of some grains as well as some 
grain boundary etching. 

Figure 49 shows the corrosion attack at a potential 
half-way between the corrosion and primary passivation 
potemutates.(-0.800V vs. s.c.é.) after 5°mim. The corrosion 
is quite uniform but some pitting is evident. 

A further increase in potential to the primary 
passivation potential (-0.725V vs. s.c.e.) results in 
uniform corrosion with some grain boundary etching after 5 
min (see Figure 50). The surface has some pitting. 

Above the primary passivation potential, corrosion 


attack becomes very selective. Figures 51 and 52 show the 
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corrosion attack at potentials in the "upper slope" region 
(see Figure 8) after 5 min. Martensite is selectively 
corroded with the ferrite virtually unattacked (note the 
Scratches on the surface from the polishing procedure). The 
corrosion of the martensite at -0.600V vs. s.c.e. is less 
Severe than at -0.625V vs. s.c.e. for the same amount of 
timegsimply because tthelcurréent is lower. 

The selectively corroded regions were investigated to 
see if they were martensite. First of all, the amount of the 
corroded area is about the same as the amount of martensite 
in the steel (=15%: c.f. Figure 33). Also,the special 
etchant to discriminate martensite was used to etch the 
Steel after it was corroded in the test solution at a 
constant potential in the "upper slope" region. The dark 
corroded spots, with time in the etchant, changed to light 
(white) spots. The etchant does change martensite to white 
when used to observe the microstructure of the dual-phase 
steel*®, and since the dark spots turn white, the 
selectively corroded regions can be identified as 
martensite. 

Carbon steel has been shown to have grain boundaries 
etched out at corresponding "upper slope" potentials.' The 
grain boundary etching was shown to occur in the critical 
potential range in which SCC occurs. The grain boundary 
attack produced a susceptible path for SCC to occur along. 

The selective dissolution of martensite does not 


produce a susceptible path since the martensite areas in the 
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steel are not connected. If cracks do form in the martensite 
phase they would probably blunt when the ductile ferrite 


phase is reached. 


6.3.1.1 Extended rest potential tests 

Two tests were performed at room temperature; an 
aerated test for 19 h and a de-aerated test for 18 h. The 
rest potential was monitored for both tests. 

The potential of the aerated test wasS approximately 
-0.425V vs. S.c.e. initially and steadily increased to 
approximately -0:.235V vs. s.c.e. after 19 h. The potential 
was in the passive region throughout the test (c.f. 
polarization curve in aerated solution at 22°C), and no 
corrosion was observed under the microscope. 

The potential of the de-aerated test fluctuated from 
—Ovooo to6°-0.8/3V VS. S.c.64,) Mear. the corrosion potential, 
B(corr), in the de-aerated solution at 22°C (cit. 
polarization curve). Corrosion attack was similar to the 
COunOs ON adtbackwalt tent oh ats 0. oL0Vi vVourS.ceeeat 350-50 
(Figure 48) but to a greater extent. Selective corrosion of 
some grains was observed with deep grain Sees attack and 


TanamaapttLino:. 


6,35.2.8 05 Steer 

Constant potential tests were done on X-65 steel only 
at a temperature of 50°C. A "lower slope" potential, the 
primary passivation potential, and an "upper slope" 


potential were used. These potentials were obtained from the 
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polarization curve done at 50°C (Figure 40). 

Figure 53 shows the corrosion attack at a "lower slope" 
potent@abioPhaOe7S0Vevs. s.c.e. after 5 min. The attack is 
uniform with minimal pitting. An increase in potential to 
the primary passivation potential (-0.700V vs. s.c.e.) 
results in the corrosion attack after 5 min to be relatively 
uniform with over-etched regions which given more time would 
result in pits (see Figure 54) 

ExcesSive pitting after 5 min at an "upper slope" 
potent halhofesOs675Vtus.dseciéitrsoshown intPigure 55ecThe 
rest of the microstructure is uniformly corroded. Pits are 
known to initiate stress corrosion cracks and if there is a 
susceptible microstructure present then the crack will not 
be slowed or stopped and will propagate through the 


material. 
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6.4 Constant Strain Rate Tests 


6.4.1 Dual-Phase Steel 

A number of constant strain rate tests were conducted 
at temperatures of 21, 50, and 70°C. The test potentials 
ranged from well below the corrosion potential through the 
anodic peak region to potentials in the passive region. The 
results of these tests are listed in Table 13. The most 
useful SCC parameters are reduction in area and elongation 
which both describe the ductility of the material. Since no 
reduction in area calculations were made, the elongation 
parameter was used to evaluate SCC susceptibility. 

Figure 56 shows percent elongation as a function of 
potential for the dual-phase steel in the test solution at. 
21°C. Hydrogen charging at -1.1V vs. S.c.e. results ina 
reduction in elongation (26.7%) as compared to the 
elongation achieved in air (43.7%). At the corrosion 
potential there is also a loss of ductility (34.8% 
elongation). As the potential is increased further the 
ductility increases until the maximum ductility available is 
reached, corresponding to the ductility of the steel in the 
inert environment (air). Hydrogen charging of steel under 
these environmental conditions occurs at potentials lower 
than -0.8V vs.s.c.e. and therefore most likely the reduction 
in ductility at the lower potentials is due to hydrogen 


embrittlement. 
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Figures 57 and 58 show percent elongation as a function 
of potential at 50 and 70°C, respectively. The same behavior 
as at room temperature 1S apparent. The ductility is reduced 
as the potential is lowered into the hydrogen charging 
range. This is again due to hydrogen embrittlement and it 
appears that hydrogen embrittlement is most severe at 50°C 
for a potential of -1.1V vs. S.c.e.. AS at room temperature, 
for potentials higher than E(corr) the ductility approaches 
the ductility in the inert environment. 

There 1S no significant drop in ductility as the result 
Gines CClern a Critical range above the primary passivation 
potential as is known to occur in carbon and pipeline 
steels. This is probably due to the absence of a Susceptible 
path in the microstructure along which cracking can occur. 
The martensite 1s selectively corroded in the "upper slope" 
potential range during initial stages of corrosion and 
results in a discontinuous corrosion path. Selective 
corrosion of the martensite phase leaves approximately 85 % 
of the material unattacked and unsusceptible to SCC. Also, 
initially the martensite is attacked severely leaving the 
martensite unsusceptible to SCC since SCC usually does not 
occur where corrosion rates are high. 

Figures 59, 60, and 61 show the elongation parameter 
(éjoally tkidswa function! diepdtentrakratedi pyS0 cand 70C, 
respectively. These graphs show the susceptibility of the 
steel to environmental attack with respect to the test done 


in the inert environment, air or oil. The ratio of the 
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elongation in the test environment to the elongation in the 
inert environment is plotted against potential. As the ratio 
approaches 1, then the susceptibility is virtually nil. The 
elongations of specimens A, 28, and 29 were used as the 


elongation of the steel in the inert environment. 


6.4.2 Scanning Electron Microscopy 

All the dual-phase steel specimens that had a 
Significant loss in ductility were observed under the 
Scanning electron microscope (SEM). Also, the tests done in 
the inert environments were observed for comparison 
purposes. 

Figure 62 iS a picture of specimen 1 which shows a 
typical ductile failure occurring after considerable 
necking. Figure 63 is an SEM fractograph showing ductile 
fracture due to microvoid coalescence of specimen 28 at 50°C 
in oil. The black areas are voids and the white lines are 
the last strands of material which were broken upon failure 
of the specimen. 

Figure 64 shows specimen 12 which was embrittled by 
hydrogen at -1.1V vs. s.c.e. at 21°C. Some secondary cracks 
on the specimen can be seen. The crack propagated from the 
edge to approximately halfway across the specimen when 
finally failure occurred due to mechanical overload. SEM 
fractographs of the cracked surface and the overload surface 
are shown in Figures 65 and 66, respectively. In comparison 


to the ductile failure of steel in oil at 50°C, these 
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fracture surfaces are flat with few voids present. This 
reveals that the failure is brittle both during cracking and 
overload. 

Figure 67 shows specimen 6 which was tested at E(corr) 
at 21°C. Many secondary cracks can be seen on the surface 
and edges of the specimen. Failure appears to have occurred 
by stepwise cracking through the specimen, a ductile tearing 
from one brittle crack to another. This stepwise cracking 
occurs in a steel when it is embrittled by hydrogen as was 
Shown for carbon steel in an ammonium carbonate solution as 
well as in a sodium carbonate-sodium bicarbonate solution.' 
Figure 68 shows the cracked surface and there is 
considerable ductility present with some flat areas 
associated with brittleness. Referring to Specimens 6 and. 
12, it is evident that for higher hydrogen content (lower 
potentials) less secondary cracking is present. This also 
has been observed by other researchers.’ 

Figure 69 shows specimen 33 which was tested at E(corr) 
at 70°C. Considerable necking is shown but a brittle failure 
occurred as 1s evident in Figure 70 which is the fracture 
surface. However, this brittle failure occurred at almost 


38% elongation and therefore is not that severe. 


6.423 3-65 Steel 
Constant strain rate tests were also performed on X-65 
steel at varying potentials. Most of the tests were done at 
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results of these tests. 

Figure 71 is a graph of percent elongation versus 
potential at 21°C. Hydrogen embrittlement occurs at -1.1V 
vs. S.c.e. aS expected. The percent elongation at E(corr) 
and E(pp) is approximately the same as in air. E(corr) at 
21°C for X-65 steel during the constant strain rate test was 
-0.810V vs. s.c.e. although E(corr) from the polarization 
curve was -0.869V vs. s.c.e. (compare Tables 7 and 14). At 
-0.810V vs. s.c.e. there is not much hydrogen charging of 
the steel and this is reflected in no loss of ductility. If 
the potential had been set to -0.869V vs. S.c.e., most 
likely a loss of ductility would be observed since there 
would be a significant amount of hydrogen charging. 

There appears to be a loss in ductility as the 
potential is increased above E(pp) into the critical 
potential range of SCC. The specimens continued to neck but 
the amount or extent of necking was reduced at potentials 
whehinpbhe ernbecalenangearBigunes72e1staygrapheofinthe 
elongation parameter versus potential and this shows the 
loss in ductility at potentials above E(pp) more readily 
Since the elongations are normalized to the inert 
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6.5 Comparison of the Steels 

The microstructures of the two steels are quite 
different. The dual-phase steel has a ferrite-martensite 
structure whereas the pipeline steel (X-65) has a 
ferrite-pearlite structure. The difference in microstructure 
is the main reason for the different mechanical behavior of 
dual-phase steel. The dual-phase steel 15 very ductile and 
formable compared to the pipeline steel. 

The polarization of the two steels in the 
OOA5ICM: Nae COnt r= 20). SIMI NaHCO feso lwrond siesimivkar i No .cathodac 
loops are observed at any of the temperatures tested for the 
pipeline steel whereas cathodic loops are observed for the 
dual-phase steel. The effect of temperature on the corrosion 
behavior iS similar for both steels since the activation 
energies calculated for the anodic peak region are 
approximately the same. 

The structure dependence of corrosion at potentials in 
the "upper slope" region are significantly different. 
Martensite is selectively attacked in the dual-phase steel 
whereas pitting and relatively uniform corrosion occurs in 
the pipeline steel. Referring to the constant strain rate 
tests performed at temperatures of 21, 50, and 70°C, the 
pipeline steel appears to be susceptible to SCC if the 
elongation parameter is used (see Table 15). The elongation 
parameters for the temperatures of 50 and 70°C for the 
pipeline steel were calculated using e, = 32851%- (the 


inert 


elongation at room temperature in air). The elongation 
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parameter decreases as the temperature iS increased for the 
Pipeline steel indicating increased susceptibility to SCC. 
Comparing the elongation parameter (0.83) at 70°C (-0.700 V 
vS. S.c.e.) to the elongation parameter (0.73) at 21°C for 
hydrogen embrittlement (-1.1 V vs. s.c.e.) the reduction in 
ductility in the "critical" potential range is approaching 
the reduction in ductility resulting from hydrogen 
embrittlement at 21°C. The specimen that was embrittled by 
hydrogen cracked, whereas the specimens in the "critical" 
range at both 50 and 70°C had reduced necking (i.e., a lower 
reduction in area at fracture) compared to the inert test. 
The dual-phase steel does not show a decrease in the 
elongation parameter with temperature; it remains near 1.0. 
The above indicates that the pipeline steel 1s somewhat 
Susceptible to SCC at the potentials tested and that the 
dual-phase steel appears to be unsusceptible to SCC at 
corresponding "critical" potentials. 

The reason for no susceptibility to SCC in the 
"Critical" range is probably due to fact that the 
selectively corroded martensite islands are not linked 
together and thereby not producing a susceptible cracking 
Path. 

Table 15 also shows that hydrogen embrittlement at -1.1 
V vs. s.c.e. and 21°C in the dual-phase steel is worse than 
in the pipeline steel under the same conditions if the 
elongation parameter is used. However, if the absolute 


elongation is compared, the pipeline steel appears to be 
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more susceptible to hydrogen embrittlement for a certain 
amount of overpotential (see Figure 73). One must take the 
yield strengths into consideration since the elongation will 
decrease with an increase in strength. The mode of failure 
and the amount of secondary cracking for the two steels were 
Similar. The dual-phase steel initiated the primary crack at 
an elongation of 24.5 % and this crack propagated through 
the material until final brittle fracture due to overload 
occurred at an elongation of 26.7 %. The pipeline steel had 
already been necking when the primary hydrogen-induced crack 
waS initiated at the center of the specimen at an elongation 
of 23.8 %. Almost instantaneous failure of the specimen 
occurred after initiation. 

The strong, hard phase of martensite in the dual-phase 
steel is susceptible to hydrogen embrittlement and an 
increase in volume percent of martensite would probably 
increase the suSceptibility to hydrogen embrittlement of 


dual-phase steels. 
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6.6 Suitability of Dual-Phase Steel for Pipeline Application 

Carbonates and bicarbonates that form near buried 
pipelines have been shown to contribute to SCC of pipeline 
steels.''’'* The dual-phase steel shows virtually no 
susceptibility to SCC in a carbonate-bicarbonate solution. 
No "critical" potential range in which SCC occurs has been 
found for dual-phase steel at any of the test temperatures 
although a "critical" range has been observed when 
conventional pipeline steels were tested.’ This would 
indicate that the dual-phase steel would be more suitable 
than the presently-used pipeline steel if this were the only 
factor to be concerned with. 

Pipelines are cathodically protected and therefore some 
parts of the pipeline may be overprotected, which results in 
some hydrogen charging. The dual-phase steel and pipeline 
steel that were tested appear to respond similarly to 
hydrogen charging (see Figure 73). For both steels, a 
Significant amount of deformation must occur before hydrogen 
has any effect. The two steels were tested at the same 
overpotential (-1.1V vs. s.c.e.) and this resulted in the 
Same amount of hydrogen charging as indicated by 
approximately the same cathodic current density. 

At the rest potential or corrosion potential, the 
dual-phase steel is susceptible to hydrogen as is indicated 
by the many secondary cracks and reduced ductility. In 
comparison, at rest potential and 21°C in the 


carbonate-bicarbonate solution, the pipeline steel does not 
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show any susceptibility to hydrogen embrittlement since the 
potential is close to the reversible potential of hydrogen 
(-0.8V vs. s.c.e.). It appears that at increasing potentials 
in the water decomposition range where hydrogen charging of 
the steel occurs, the amount of deformation which is needed 
for hydrogen embrittlement to occur is increased. Since the 
Pipeline steel is not as ductile as the dual-phase steel the 
amount of deformation needed for embrittlement at higher 
potentials cannot be achieved and therefore a ductile 
failure occurs. For dual-phase steels, at these higher 
potentials, the deformation needed is attainable and failure 
occurs aS a result of hydrogen-induced cracking. 

Taking the above into consideration, the dual-phase 
steeludoescnotiappear boChelanyimore suscepttbiieite hydrogen 
embrittlement than pipeline steel, although the effect of 
hydrogen is evident over a wider range of potentials due to 
its greateraducbibaxty. 

In summary, the suitability of dual-phase steel for 
pipeline application appears to be as good or better than 
the presently-used ferrite-pearlite pipeline steel. The 
dual-phase steel shows virtually no susceptibility to SCC in 
carbonate-bicarbonate solution and hydrogen embrittlement of 
the dual-phase steel is very similar to that of pipeline 


steel. 
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7. Conclusions 
Dual-phase steel is less susceptible to SCC than 
pipeline steel in a 0.5 M Na;CO; - 0.5 M NaHCO; 
solution at potentials in the region where passivation 
begins to occur (above the primary passivation 
potential, E(pp)). At these potentials, initial 
Corrosion after exposure of the dual-phase steel to the 
environment is structure dependent. There is selective 
attack of the martensite phase and this phase is not 
aligned in any direction but randomly distributed, 
resulting in a microstructure which is unsusceptible to 
SCC. Selective corrosion of the martensite phase leaves 
approximately 85 % of the material unattacked and 
unsusceptible to SCC. Initially the martensite is 
attacked severely, leaving the martensite unsusceptible 
to SCC since SCC usually does not occur where corrosion 
rates are high. 
Hydrogen embrittlement of dual-phase steel 1s similar 
to hydrogen embrittlement of pipeline steel at a 
potential of -1.1V vs. S.c.e. in the range where water 
decomposition occurs. An increase in potential in this 
range to the corrosion or rest potential (-0.856V vs. 
s.c.e.) for dual-phase steel results in an increase in 
the amount of deformation needed for hydrogen 
embrittlement to occur and an increase in the amount of 


secondary cracking. 
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Table 1. Some Environments that may cause SCC of Ordinary 


Steels 


Environment 


NaOH solutions 
NaOH-NajSi0, solutions 


Calcium, ammonium, and 
sodium nitrate solutions 


Mixed acids (HjSO,-HNO3) 
HCN solutions 

Acidic H 9S solutions 
Seawater 


Molten Na-Pb alloys 
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Table 2. Compositions of some Solutions near Cracks (from 


Fessler and Barlo'?) 


Amount in Solution, percent 


pH con HCO, OH CA NO, 
oe 0.5 0.5 - - - 
eae 10 N Ov2 O20) |) 02007 
10 1.4 0.5 N 0.12 0.004 
10 0.9 0.8 N 61.02 © O04. 
9.6 0.5 0.6 N N - 
10.5 0.7 0.4 N - N 


- the primary cation in all of the solutions 
was sodium 


N —- nondetectable 
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Table 3. Typical Compositions of Dual-Phase Steels (from 


Production 
Technique 


Continuous 
Annealing, 
Hot-Rolled 


Continuous 
Annealing, 
Cold-Rolled 


Box 
Annealing 


As-Rolled 


Speich?*) 


Compositions, wt. 


ees. 55. Ol ca = 
So) Ree wo 5 OS 


hel ile 20¢ ou. 40 = = 


€.05 <2.207< Deby < 14:0 = 


by «20a el sem CSDA«. 35 


- other additions include rare earths 
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Table 4. Composition and Mechanical Properties of the 


Dofasco Dual-Phase Steel 


DOFASCO EXPERIMENTAL AS-ROLLED 
DUAL-PHASE STEEL 


Mechanical Properties (Rolling Direction) 


Yield Strength Tensile Strength % Elongation 
ksi (MPa) ksi (MPa) €an 92's.) 
59.6(411) 90.7625) 30.00 


Product Analysis (Wt. %) 


& Mn P S Si Gr Sn Al 
606 1.82 .80@9. 9009 i461 5% <2001 _9006 


eu N ne Mo V Nb 7 Ni 
“nO> BOG] Sme04 ness oF005  s009  &.003  <02 
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Table 5. Composition and Mechanical Properties of the x-65 


Pipeline Steel 


X-65 PIPELINE STEEL 


Mechanical Properties (Rolling Direction) 


Yield Strength Tensile Strength % Elongation 
ksi (MPa) ksi (MPa) (an s2." } 
68.8(474) 85.0 (591) 33/40 


Product Analysis (Wt. %) 


£ Mn r S Si Nb Cu Ni 
2096 1.47 096 ,005- ..16 UGS = woes, SwitZ 


Cr Mo V Sn Ce 
POTS * 005 005 005 .016 
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Table 6. Active-Passive Parameters as a function of 


Temperature for Dual-Phase Steel 


Temperature E(corr) E(pp) vie) i(p) 
Cae, (Vv) (Vv) (mA /cm? ) (mA/cm? ) 
mi =O. O “OO -670) Ost 0.0044 
50 “D376 =i) Pa oS a 0.0088 
70 =) 29,0 =O .2i50 Rg: he 0.010 
90 #0975 =H), FU 3454 Se. 047). 


- the potentials are with respect to the saturated 


calomel electrode (s.c.e.) 
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Table 7. Active-Passive Parameters as a function of 


Temperature for X-65 Pipeline Steel 


Temperature E(corr) E(pp) ie) 
eek (Vv) (Vv) (mA/cm? ) 
La -0.869 =) 60.5 Coes 
50 =) ae -0.694 1.58 
90 -0.924 =)... 10 4.98 


- the potentials are with respect to the saturated 


calomel electrode (s.c.e.) 
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Table 8. Active-Passive Parameters as a function of 


Dissolved Oxygen for Dual-Phase Steel 


Environment E (corr) E(pp) icy i(p) 
(Vv) (v) (maAyom?)  (mA/em? ) 
Aerated =“) 830 -0.690 05.38 0.0046 
De-aerated gal fe cha) ~Di.6H 0 0.31 0.0044 


- the potentials are with respect to the saturated 


calomel electrode (s.c.e.) 
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Table 9. Possible Reactions in Carbonate/Bicarbonate 


Solution 


Specific conditions: 


Peo.) 0.5M 

pH = 3.5 

Temp. = 22°C 

[O.) = 2.781 X 10°*M 4{Aerated) 
[O-] = NO>*M (De-aerated) 
Reaction 


Oxygen evolution 


2H20 > O; tHe et der 
B =9.229 —0©.0586 pH 


Oxygen reduction 


O2 + 2H 30 + de- + 4AOH- 
Bose). 401 tO 0586~ (1 4o= pH) 
+ 0.0147 log{0O;] 


Aerated: 
De-aerated: 


Water decomposition 


ae O + Be@te-+_ Aint 2OH= 
= - 0.0586 pH 


Iron oxidation 


Fe + C0O;2- 2 Feco, + 2e- 
B= - 6.755 = 0.0293 lTog{co,*-] 


Fe + HCDs> 3 tego, + iff +. 2e- 
E = - 0.45 - 0.0293 pH 
- 0.0293 log[HCO;~7] 
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Table 10. 


Dual-Phase Steel 


Temp. AE B g. i(corr) 
ey (Vv) (V/decade) (V/decade) (mA/cm?) 
22 -0)..02 0, V62 -0, 0602 O.0215 
50 ci €or Ras 0.0750 -0.0591 0.0500 
TO =-@©... O02 * x * x ** 
90 -0. 02 0.0785 -0.0840 Dior 2 
Ze * = Oe 0.473 “04157 0.0455 
22 9402 O° 955 =~): 0693 0.0254 
50 =O: fe 0.0947 =), 0607 D:..0573 
70 =O ..03 0.0985 -0.0669 0.146 
90 +3 0.114 =, 105 CO. O12 
22 *s +O. 508 0.0960 “0.409 0.0347 
22 =, 4 0.229 -0.0992 0.0467 
50 =), 04 O.,106 -0.0709 0.106 
70 “0 Oe 0. 424 =“) .0758 02 b3 
90 -0."04 0.109 -0.0945 0.450 
22 & -0.04 0.0850 -0.0814 0.020 

* - test solution saturated with oxygen. 
xx - BU, and Uz. could not be calculated since 


the r2’ 


- 4y/r, 


term was negative. 
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Corrosion Rate as a function of Temperature for 
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Table 11. 
X-65 Steel 

Temp. AE 

Gries 

eee =~ OO 0.0809 
50 +0202 0.0721 
90 0,02 0.0663 
22 “O50 5 H.163 
50 -0 703 0.0870 
90 =0 O38 0.419 
Bz -0.04 * 

50 -0 204 0,288 
90 =0.04 O29 23 
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Corrosion Rate as a function of Temperature for 


* - Uz was too close to 


an invalid slope. 
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Table 12. Current Densities as a function of Temperature 


DUAL~PHASE STEEL 


AE=-0.02V AE=-0.03V AE=-0.04V 


Temp. ce) i(p) i(corr) i(corr) i(corr} 
eS) (mA/cm? ) (mA /cm? ) (mA /cm? ) (mA/cm? ) 
22 0.31 0.0044 0.. 0245 0.0254 0.0467 

50 0.71 0.9088 0.0500 0 057 3 0.106 
70 1, 95° a0 SU * 0.146 O43 
90 3) = runes 0.372 0.512 0.450 
* - could not be calculated. 
X-65 STEEL 
AE=-0.02V AE=-0.03V AE=-0.04V 
Temp. i(c) i(p) i(corr) i(corr> LaCOKL) 
eC.) (mA/cm? ) (mA/cm? ) (mA/cm? ) (mA/cm? ) 
Ze D5 * 0.0150 O°.3 15 els 
50 TID * 0.0478 00590 0.186 
90 4.98 * C839 0.857 0.260 
* - pasSive current not constant but decreases with 


increaSing potential. 
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13. Constant Strain Rate Test Results for Dual-Phase 


Steel 
Environment Yield 
Strength 

(ec) (ksi) 
21 RET 67.2 
21 Aix Dy at 
Z1 -0.670 V 56/0 
af =f). .600av 59.0 
21 -0.550 V 5Bae 
2% <).6056 V 4 59,7 
ZI -0.770 V 56.0 
24 -)7450 V 5755 
21 -1.100 V S822 
50 -1.100 V 54:7 
50 FOcsRouyv. 54.1 
50 ~0.800. V 5723 
50 =) 2625 °V ay eee 
50 “0 .<A20uUV 52.0 
50 =) 3350 NW Sie 
50 nO sh 25uV 49,7 
50 Rest Pot.** Ts as 
50 = 726 7V 54.1 
Dt Nir: CRK10 Ss =) 62.5 
Pla Ade -b2x1005 “ss 2). 49.2 
50 Dia. 50.8 
70 Oil 52.5 
90 Oia 50.4 
70 = 4 OO WV 48.7 
70 “0.894 V x 5 2 
70 =0..750 V 49.2 
70 =O.602 WV 54.4 


1 ksi = 6.895 MPa 


Tensile 
Strength 


(ksi) 


Bon 
86. 
or 
oH % 
88. 
90. 
OU 
89% 
86. 


O74 
86. 
33% 
83. 
86. 
88. 
89x 
87. 
85. 


94, 
32 
88. 
69. 
87. 


86. 
B7 
86. 
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potentials are with respect to the saturated calomel 


electrode (sic.e.). 


current during the test is kept as close to zero as 
possible by adjusting the potential. 


no applied potential. 


specimen #15: 


strain rate=3.5X10- *sec™ ' 
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Table 14. Constant Strain Rate Test Results for X-65 Steel 


Specimen T Environment Yield Tensile Elongation 
Strength Strength 
cy (ksi) (ksi) (%) 
1 21 Air exe aps! 82.5 32.5 
2 Z| =. 40 OV = O72 O32 ci pps. 
3 21 at AV 63.4 oe 2n60 
& Z1 ~~) bos WV 64.1 62.8 a ae 
) 21 ro SO OV 64.4 83.7 3410 
6 21 ma ao oe By i 16. 1 oT .3 ie 
7 50 =) oi oN 64.7 84.1 206) 
8 70 = FOU. *V 63.5 84.9 Zr fo 


- 1 ksi = 6.895 MPa 


- potentials are with respect to the saturated calomel 
electrode (s.c.e.). 


* - current during the test is kept as close to zero as 
possible by adjusting the potential. 
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Table 15. Comparison of Dual-Phase Steel and X-65 Steel 


Steel a Environment Elongation Elongation 
Parameter 
‘goat ae: (3) ES eee, 
Dual-Phase Zl =O: 260) “Vo 44.8 1.03 
Dual-Phase 50 “620. o* aes 03.95 
Dual-Phase 70 “W.ose Vv oF B24 0.96 
Dual-Phase he Air 4327 
Dual-Phase 50 Oil 44.4 
Dual-Phase 70 O21 43.9 
Dual-Phase 24 1 TOO 260% 0.61 
K-65 D4 =O" 590 Vo * pie € 0.95 
R= 65 50 ib 1 Vs 28.1 0.86 
X-65 70 -047200 Vw Z Pee 0.83 
a~55 24 Rare Seco 
X-65 2 1 Eh HO Use p73 


- potentials are with respect to the saturated calomel 
electrode (s.c.e.). 


* - upper slope potential from the polarization curve. 
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Figure 1. Potential-pH Diagram for the Fe-H20 System 


(modified from Pourbaix’) 
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Figure 2. Activation Polarization Curve of a Hydrogen 


Electrode 
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Figure 3. Concentration Polarization Curve 
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Figure 4. Effect of Environmental Variables on Concentration 


Polarrzation 
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Figure 5. Combined Polarization Curve 
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Figure 6. Behavior of Fe in Carbonate Solution 
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Figure 7. Corrosion of Metal under Diffusion Control 
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Figure 8. Anodic Dissolution Behavior of an Active-Passive 


Metal 
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Figure 9. Behavior of an Active-Passive Metal under 


Corrosive Conditions 
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Figure 10. Electric Circuit for Cathodic Polarization 


Measurement 
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Figure 11. Applied Current Cathodic Polarization Curve 
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Figure 12. SCC Parameters (from Payer et al.'°) 
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Figure 13. Polarization Curves and SCC Test Results for Mild 
Steel in 1N Na2CO; - 1N NaHCO; at 90°C (modified from 


Sutcaavtfeset lat ft) 
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Figure 14. Effect of Temperature upon SCC of Mild Steel at 
Various Potentials in 1N Na2CO; - 1N NaHCO; at 90°C 


(modified from Sutcliffe set ‘al. ) 


ctu 
= 
—,) 


= <— fe 7 7 - 
7 — 


eae Vm eins 23 
2 , od = = Po 


+1 


r 
" 


i9I09% BuO 


é 
he oe ae od 08 


EAS 


2N(NH,), CO, | 


Potentiol, mV (S.CE.) 


Figure 15. The pH Dependence of the SCC Range for Pipeline 


Steel (from Payer et al.?) 
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Figure 16. Comparison of Stress-Strain Curves for Dual-Phase 


Steel and Conventional HSLA Steel (from Speich?*) 
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Figure 17. Continuous-Cooling Transformation for As-Rolled 


Dual-Phase Steel (from Speich?‘) 
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Figure 19. Cell Arrangement 


Figure 20. Working Electrode Assembly 
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Figure 21. Steel Mounted in Bakelite 


Figure 22. Counter Electrode Assembly 
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Figure 23. Salt Bridge Assembly 


Figure 24, Temperature Control 
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Figure 25. Tensile Specimen 


Figure 26. Reduced Section of Tensile Specimen 
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27. Material Test System 


Bugure 928, Test Cell 
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Figure 29. Test Cell Dimensions (side view) 
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Figure 30. Test Cell Dimensions (top view) 
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Figure 31. Cemented Nylon Sleeve 
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Figure 32. Recirculation System 
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Figure 33. Dofasco Dual-Phase Steel (600X) 


Figure 34, X-65 Pipeline Steel (600X) 
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Polarization Curve of Dual-Phase Steel at 22°C 
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Figure 36. Polarization Curve of Dual-Phase Steel at 50°C 
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Figure 37. Polarization Curve of Dual-Phase Steel at 70°C 
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Figure 38. Polarization Curve of Dual-Phase Steel at 90°C 
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Figure 39. Polarization Curve of X-65 Steel at 22°C 
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Figure 41. Polarization Curve of X-65 Steel at 90°C 
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Figure 42. Polarization Curves of Dual-Phase Steel in 


Aerated and De-aerated Test Solution at 22°C 
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Figure 43. Polarization Curves showing the Effect of Oxygen 
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Figure 44. Legeitc) and iog i(p) versus 1/T Plot for 


Dual-Phase Steel 
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Figure 45. Log i(c) versus 1/T Plot for X-65 Steel 
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Figure 46. Log i(corr) versus 1/T Plot for Dual-Phase Steel 
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Figure 47. Log ilcorr) versus 1/T Plot for 4-65 Steel 
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Figure 48. Corrosion Attack of Dual-Phase Steel after 1h at 


E(corr) -and 50-C*-C600x) 


Figure 49. Corrosion Attack of Dual-Phase Steel after 5 min 


at, -0.800Vevs stc.e. “andes0cc (600X) 
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Figure 50. Corrosion Attack of Dual-Phase Steel after 5 min 


at E(pp) and 50°C (600X) 
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Figure 51. Corrosion Attack of Dual-Phase Steel after 5 min 


at 067 5V Wis wc... Cae wandmpe-C <(600x) 
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Figure 53.) Corrosion: Attack of K-65" Steel attenmormin at 


“0 GOON VSsmsec.enrand 50ec. (600K) 


Figure 54. Corrosion Attack of X-65 Steel after 5 min at 


E(pp) and 50°C (600X) 
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Figure, 55, CorrosionmaAttack of X-65uStee] after Semin at 


-0,675V vs..¢.c.e. and 50°¢ (600%) 
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Figure 56. Percent Elongation as a function of Potential for 


Dual-Phase Steel at 21°C 
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Figure 57. Percent Elongation as a function of Potential for 


Dual-Phase Steel at 50°C 
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Figure 58. Percent Elongation as a function of Potential for 


Dual-Phase Steel at 70°C 
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Figure 59. Elongation Parameter as a function of Potential 


for Dual-Phase Steel at 21°C 
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Figure 60. Elongation Parameter as a function of Potential 


for Dual-Phase Steel at 50°C 


LE Li ME A I Ms 
: ' 


4 { a 
: 


_— 


tos 


| 
O 
Wn 


Potential (V vs. s.c.e.) 
if 


0 Seo otoe a 850.6707 0.8609 «+1 1.1 
Elongation Parameter (e/e_.) 


Figure 61. Elongation Parameter as a function of Potential 


for Dual-Phase Steel at 70°C 
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Figure 62. Specimen 1 (6.4X) 


Figure 63. SEM Fractograph of Specimen 28 (1500X) 
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Figure 65. SEM Fractograph (cracked region) of Specimen 12 


(1500X) 


Figure 66. SEM Fractograph (overload region) of Specimen 12 


(1500X) 
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Figure 68. SEM Fractograph of Specimen 6 (1500X) 
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Figure 70. SEM Fractograph of Specimen 33 (1500X) 
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Figure 71. Percent Elongation as a function of Potential for 


X¥-65 Steel at 21°C 
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Figure 72. Elongation Parameter as a function of Potential 


for X-65 Steel at 21°C 
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Figure 73. Effect of Hydrogen Charging on Percent Elongation 


of Dual-Phase Steel and X-65 Steel at 21°C 
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Appendix A 


Corrosion Rate Determination 


Figure A.1 illustrates which points (i,E) are used in 
the 3-point method for determining the corrosion rate from 
polarization curves. Table A.1 lists the points obtained 
from the polarization curves of dual-phase steel and X-65 
steel at different temperatures. 

An example calculation follows. 

Dual-Phase Steel, 22°C, AE=-0.04V 
i(AE) = 0.0869 mA/cm? 
i(2AE) = 0.278 mA/cm? 
i(-2AE) = 0.0970 mA/cm? 


two ratios 


ry inf DAE) /i Ce2QE es. 2 87 
r2 = 1(2AE)/i(4E) = 3.20 
Quadratic relationship: 


Woo fewer ot r= 


i aro tte? - Aye £/ 2 
where 
Uy © tf, + ye? —Oyee Pigebiexpe len S0SAE/~.) = 2.53 
and 
Up = te ~ Vie” “a¥r,s/7 2 = exp (2.S03Sie/ 6.) = 0.609 


also 


SAB) 7itcorr) = £(u, “ue 


results: 8B, -0.0992 V/decade 
B, = 0.229 V/decade 


i{corr) = 0.0869 mA/cm? / 1.86 = 0.0467 mA/cm? 
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Table A.1. 


Temp. AE i (AE) i (2AE) 
(<8 (Vv) (mA/cm? ) (mA/cm? ) 
22 = #02 0.030 0.869 
50 =0:. 02 0.0819 Ons 
70 ~e2 0 ..256 0.471 
90 =0 02 0.437 1.00 
22 * ks gral $F 0.0261 60,0552 
Ze =0 03 0.98526 0.176 
50 -0 203 0.142 0.488 
70 =0.05 0.339 eKZ 
90 =0;,./0°3 0.709 ict © 
22% =O2103 0.0341 0.0668 
22 -0.04 0.0869 Ua 6 
50 -0.04 0.223 0.912 

70 -0.04 0.471 bot 
90 -0.04 1.00 3...06 
B22 2% -0.04 070552 0.490 
* - test solution saturated with oxygen. 
X-65 Pipeline Steel 
Temp AE i (AE) i (2AE) 
(26) (v) (mA/cm? ) (mA/cm? ) 
P20: 70,. 02 0.0295 0942 
50 =D EO? D, Wieee 0.440 
90 ss ee 8 O214 0692 
Ze -0 703 0.0525 0.154 
50 -0 ..03 D207 0,913 
90 eO ao 02550 1.288 
22 -0.04 0.0912 0.229 
50 -0.04 0.440 1.40 
90 -0.04 0.692 eu 


166 


Current Densities Obtained From Polarization 


Dual-Phase Steel 


Curves 
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Figune A.1. 3-Point Method 
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